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Abstract 
Defects in single crystal diamond grown by chemical vapour deposition (SC- 
CVD) have been studied using electron paramagnetic resonance (EPR) and optical 
techniques. 
Annealing studies in the temperature range of 900 - 1600'C have been 
performed and the changes in EPR and Fourier transfon-n infrared (FTIR) spectra for 
nitrogen doped SC-CVD have been documented. It has been possible to model the 
annealing behaviour of several hydrogen related defects and the associated kinetics 
and annealing parameters have been determined. Previously unreported optical 
absorption lines have been detected in the as-grown and annealed nitrogen doped 
samples. 
FTIR spectroscopy has been performed in conjunction with an applied 
uniaxial-stress to investigate hydrogen related absorption features in diamond. 
Several absorption lines have shown to shift and split under the application of 
uniaxial-stress and the symmetry and stress- splitting parameters for these defects have 
been determined. Models for the defects responsible are proposed. The mid-infrared 
absorption line at 3123 cm-1 is suggested to originate from a C-H stretch mode at the 
paramagnetic negative nitrogen-vacancy-hydrogen complex. For a 3123 cm- I 
absorption line with a Lorentz linewidth of 3.8(2)cm-1,1 cm-1 of absorption at 
3123 cm- I corresponds to 25(10) pprn of NVH_ centres. 
A previously unreported paramagnetic defect has been detected and is given 
the label WARL It has an S=I ground state and a pseudo-C3, symmetry; the g and 
D spin Hamiltonian parameters have been determined and suggest that the defect is 
vacancy related. 
The as-grown defect concentrations of known defects in SC-CVD diamond 
have been investigated using several techniques. The different incorporation trends 
and correlations are documented and it is suggested that there are unidentified charge 
traps present in the samples. Measurements of negative nitro gen-vacancy (NV-) 
centres have been compared with the photoluminescence and UV-Visible optical 
absorption signals originating from the same defect; it has been determined that there 
is a linear relationship between the signals and it is suggested that single molecule 
detection of NV- centres is possible. 
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Diamond, n. a very hard and brilliant precious stone, consisting qf pure 
carbon crystallized in regular octahedrons and allied forms (in the nath, e state 
usually with convex surfaces), and either colourless or variously tinted It is the most 
brilliant and valuable ofprecious stones, and the hardest substance known. 
- The dictionary definition[] of diamond 
"Diamonds are like ftiends; it's the defects that make them interesting. " 
- F. C. Frank 
* 
Chapter I 
I Introduction 
Outline of thesis 
This thesis is laid out as follows: 
Chapter I provides an introduction to the study of diamonds and defects in 
diamonds. This chapter will highlight the extreme properties of diamond, the role that 
defects have in altering the properties of diamond and some of the key issues that face 
diamond research. 
Chapter 2 reviews the relevant research in the field of diamond physics. As 
this thesis is concerned with defects in single crystal-chemical vapour deposition (SC- 
CVD) diamond there is a brief review of CVD diamond growth techniques and a 
discussion of how growth conditions may affect defect incorporation. This chapter 
will then focus on describing some of the influential and important defects in diamond 
and in particular the incorporation of hydrogen in CVD diamond, which has been of 
recent interest. 
Chapter 3 provides a theoretical overview of the physics underpinning the 
different experimental techniques used in the course of this study, namely: electron 
paramagnetic resonance (EPR), infra-red (IR) and UV-Visible (UV-Vis) optical 
absorption spectroscopy, thermal annealing, uniaxial stress (in conjunction with 
optical absorption) and photoluminescence (PL) studies. 
* Strictly the materials scientist F. C. Frank is quoted as saying "crystals are like people; it is only the 
defects that make them interesting". 
Chapter 4 provides the details of the experimental equipment and techniques 
used in this work. This thesis is concerned with making quantitative measurements of 
defects in diamond, and details of how these measurements were made are given 
highlighting the experimental difficulties encountered. 
Chapters 5-9 are the experimental results chapters; each of these chapters 
briefly review the background literature highlighting key results that motivated the 
research. The samples used for the studies are listed and the results discussed. 
Chapter 5 is concerned with the quantitative measurements of nitrogen and 
nitrogen-related defects in as-grown SC-CVD diamond using a combination of 
spectroscopic techniques. 
Chapter 6 examines the stability of the paramagnetic vacancy-hydrogen 
complex, first documented by Glover [2] et al, and lists experimental results for a 
previously unidentified paramagnetic defect given the label WARI, observed in as- 
grown SC-CVD diamond. 
Chapter 7 provides experimental results that compare the properties 
(symmetry, stability etc. ) of the negative nitrogen-vacancy-hydrogen complex and the 
hydrogen related absorption line at 3123 cm- 1 [3,4,5]. 
In the final two chapters unidentified absorption lines located in the mid infra- 
red (chapter 8) and near infra-red (chapter 9) regions of the spectrum were studied 
using a combination of isochronal annealing, isothermal annealing and uniaxial stress 
in conjunction with optical absorption. Investigation of defect symmetry and 
structures can provide discriminating information when faced with unknown defects 
and these chapters will present potential models for the defects responsible for some 
of the absorption lines. 
1.2 Natural diamond 
The word diamond comes from the ancient Greek "a6dýtaq" (adamas), 
meaning unconquerable, untarnable or invincible [6]. This is undoubtedly a reference 
to the extreme hardness of diamond (M = 10, as measured on the Mohs hardness 
scale). Adamas, and later "adamant" are described by the Roman writer Pliny the 
Elder [7] (Gaius Plinius Secundus, AD 23-79) as "the most highly valued of human 
possessions, which for long was known only to kings, and to very few of them". At 
this time knowledge of the extreme mechanical and thermal properties of diamond are 
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also inferred; diamond has the highest thermal conductivity of any material at 
2300 W m-1 K-1, [8,9]. The first recorded documentation of diamond is hard to find, 
and reference to substances that may or may not be diamond can be found in religious 
texts (for a historical perspective on natural diamond the book by Tolansky [10] 
provides a good introduction). Today, as it has been since their discovery, the most 
common use of diamonds is jewellery - either for their mystical powers, as status 
symbols or more recently as engagement rings; the first documented recipient of a 
diamond engagement ring was Mary of Bungundy in - 1477 AD. It is the relatively 
high refractive index (n = 2.42(4) at 546.1 nm, [I I]) and the high dispersion (in 
gemmology dispersion is defined as the difference of n at 686.7 nm and 430.8 nm, 
which for diamond = 0.044) of diamond that make it attractive for gem stones and 
give rise to the "brilliance" and "fire" of a well cut diamond [ 12]. 
Whilst mines in Africa are perhaps the most famous source of natural 
diamonds the first source of diamond was found in alluvial deposits in India in 
- 800 BC and it has only really been since the I 9th century that diamond has been 
found, and subsequently mined in Kimberlite [10]. Diamonds have even been found 
in meteorites [13]. To date, the largest gem-quality diamond discovered was the 
Culinan diamond, from the Premiere mine in South Africa in 1905, with a mass of 
3106 caratst [14]. 
1.3 Synthetic diamond 
There is more than one way to synthetically create a diamond, this thesis 
however shall only consider diamond grown by high pressure-high temperature 
(HPHT) synthesis and by chemical vapour deposition (CVD). 
1.3.1 HPHT synthetic diamond 
In 1955 it was announced by Strong et al [15] of General Electric that 
diamond had been synthesised in the presence of a transition metal solvent catalyst 
using a high pressure press. Whilst HPHT-synthetic 
diamonds are not studied 
extensively in this thesis they are still important; the substrates on which 
SC-CVD 
diamonds are grown are typically HPHT diamond and HPHT-synthetic 
diamonds are 
used as a reference material for many of the experimental, quantitative 
techniques that 
carat = 200 mg 
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are described in Chapter 4: Experimental Details. For a good overview into the 
method of HPHT synthesis see references [16,17]. For a narrative of the history of 
the production of HPHT-synthetic diamonds and those that accomplished this see the 
book by Hazen [14]. 
1.3.2 CVD synthetic diamond 
It was reported by Eversole [ 18,19] in 1962 that diamond was grown from a 
vapour source. Recently (last decade) it has been possible to grow large SC-CVD 
diamonds, see for example work by the Carnegie or Paris groups [20,21,22,23]. A 
hydrocarbon, typically methane, is split into active species (the method by which 
energy is fed into a CVD reactor to dissociate the gas gives the reactor/method its 
name, e. g. hot-filament CVD, microwave plasma CVD etc. ) and passed over a 
substrate where nucleation and growth may occur. The method of growing diamonds 
by CVD is of particular importance to this thesis and therefore will be covered in 
greater detail in Chapter 2: Literature Review. 
An important distinction to make when referring to CVD diamond is between 
polycrystalline CVD diamond and single crystal CVD diamond. It is the latter which 
have been exclusively studied in this thesis, furthermore all the CVD samples studied 
have been grown using the Microwave Plasma CVD (MP-CVD) method. 
1.4 Properties and applications of diamond 
Diamond is an allotrope of carbon, a relatively light element with an atomic 
mass number of 12.12C consists of six protons, six neutrons and six electrons with 
the atomic configuration of Is 
2 2S2 2 P2 . Another stable carbon 
isotope, 13C, is found 
with a natural abundance of - 1.1 %. There are eight carbon atoms in a diamond unit 
cell located at: (000), 
(V2/20), (0'/2V2), (V201/2), (1/41/41/4), (3/43/41/4), (1/43/43/4) and 
(3/41/43/4). 
The C-C bond length in diamond is 1.544(4) At and diamond is the densest form of 
carbon with a density of 3.5153(3) x 10 
3 kg M-3 and a lattice parameter of 3.567(3) A 
[24,25]. The cubic diamond lattice consists of tetrahedrally bonded carbon atoms 
where each is covalently bonded to four others. In diamond a "2s" electron is 
promoted such that the configuration is Is 
2 2s'2 P3 , allowing orbitals (and 
hence 
bonding) in three-dimensions. For this reason diamond bonded carbon is also referred 
A=O. l nm 
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to as "sp 31-) bonded whilst graphitic carbon is referred to as having -sp2" bonding. 
Promotion of this electron is energetically expensive but diamond is energetically 
stable as electron sharing (through covalent bonding) results in complete electron 
shells. Covalent bonds are much stronger than other bonds (such as ionic bonds or 
hydrogen bonds) and it is this strong bonding coupled with the light carbon atoms that 
give rise to many of the extreme properties of diamond. 
Diamond is being used for an increasing number of industrial and commercial 
purposes. The biggest industrial use of diamond is for cutting and abrasive tools (for 
non-ferrous materials). These exploit the hardness, thermal conductivity and low 
coefficient of friction of diamond. In the 1990s it was estimated that (HPHT) 
synthetic diamond accounted for over 90 % of the diamond abrasives market [26]. 
Intrinsic diamond is transparent and only exhibits weak IR absorption [27]. Diamond 
is increasingly being used in optical applications which also make use of diamond's 
thermal properties [28]. Diamond is also biocompatible, (although the term 
"biocompatible" is urged by Williams [29] to be used with caution as diamond is not 
universally biocompatible - it does depend on the surface termination) and novel 
applications such as diamond coated hip joints which would be more resistant to wear 'I- 
have been developed. There are a whole range of other applications and products: 
microwave windows, heat-spreaders, radiation detectors, high-pressure anvils etc. that 
exploit not just one, but a combination of the proper-ties of diamond. 
High purity SC-CVD diamond has been measured to have room temperature 
(RT) hole and electron mobilities of 4500 and 3800 cm 2 V-1 s-I respectively [30]. 
Comparison of some of the electronic properties of diamond and other 
semiconductors are found in Table I -I below. 
Property 
Bandgap (eV) 
si 
1.1 
sic 
3.2 
GaN 
3.44 
Diamond 
5.5 
Breakdown Field (MV cm-1) 0.3 3 5 20 
Electron Mobility (ciW V-1 s-') 1450 900 440 4500 
Hole Mobility (cm2V-l s- 1) 
- 
480 
- 
120 200 3800 
Thermal Conductivity (W Cm-' k"TT ý 1. 5 5 1.3 24 
Table 1-1: Table showing the comparison of certain electronic properties of diamond with other 
semiconductors. Table after Hadlington [311. 
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One of the most important applications for diamond is that of power 
electronics, that is, systems that control or modify power (for example from a few 'A' 
up to MW or vice-versa), the core of which are semiconductor devices that switch 
power on or off or route power to different circuits [32]. The wide band gap of 
diamond means that diamond has a higher intrinsic temperature+, when coupled with 
diamond's high thermal conductivity this means that diamond devices can operate at 
much higher temperatures than conventional devices with improved performance 
whilst still being able to "sink" (or more accurately form an excellent "link" to a sink) 
excess heat. The large breakdown voltage means that fewer devices need to be 
connected in series to achieve high voltage performance. More importantly the 
thickness of the device will be greatly reduced (the thickness is governed by the 
breakdown voltage) which will reduce power losses and increase the switching rate 
(the frequency) which in turn reduces noise and gives better power control. Diamond 
is more radiation tolerant than silicon and this will lead to devices that are more 
reliable and robust; this tolerance is further improved as the device becomes thinner, 
as would be the case for diamond [32]. The Taylor et al [32] article highlights that 
diamond is unlikely to challenge the other semiconductors (mentioned in Table 1-1) 
in the near future as it is not an economically viable material for power semiconductor 
device fabrication; however diamond does have a future in niche applications, and it 
is not just a single property that makes diamond unique, it is a combination of 
properties. 
1.5 Defects 
As with most materials, and in particular semi-conductors, the properties of 
the material can be radically altered by the presence of defects. Take 
for example the 
thermal conductivity which was shown to be dependent upon the concentration of 
nitrogen defects [33]. Defects are defined as any region where the microscopic 
arrangement of ions differs drastically from that of the perfect crystal 
[34]. Defects 
are broadly categorised into one of three categories: 
* The intrinsic temperature is defined by Taylor et al [32] as the temperature above which 
the thermally 
generated charge carriers exceed the 
background levels due to the donor (n-type) or acceptor (p-type) 
dopants. 
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* Point defects are those that are bounded on the atomic scale in three 
dimensions and are therefore zero, or near zero-dimensional. The 
isolated vacancy is an example of a point defect. 
9 Line defects are those that are bounded on the atomic scale in two 
dimensions and are therefore one-dimensional. A long vacancy chain 
is an example of a line defect. A dislocation is perhaps the best known 
example of a line defect. 
0 Surface defects are those that are bounded on the atomic scale in one 
dimension and are therefore two-dimensional. A large vacancy disk is 
an example of a surface defect. 
It is also possible to envisage a large vacancy cluster, a structure that is three- 
dimensional on the atomic scale. Such a cluster will create a void in the lattice and 
seems to fit the definition of a region in the lattice "drastically different from that of 
the perfect crystal" and so perhaps there should exist a fourth category of defects, 
"volume defects". 
A review article by Queisser and Haller [35] points out that whilst the term 
"defect" may be scientifically correct it is also misleading as it implies that defects are 
a bad thing and will have a detrimental effect on a material's performance. Indeed 
some defects are fatal for the operation of a device. An important example is that of 
hydrogen in silicon, whereby the hydrogen can bind to the impurities and eliminate 
their electrical activity, a process known as passivation [36]. Theoretical studies 
suggest that boron forms only deep, electronically unviable levels when it traps 
hydrogen atoms [37]. Experimentally, passivation effects have been observed [38]. 
Some defects, however, are vital for a device's performance. The process of 
doping a material is one of intentionally adding defects (and defect levels) to a 
material; when a donor or acceptor level is introduced into the band gap to make the 
material n-type orp-type respectively, and this is achieved by adding an impurity. In 
the classic case of silicon this can be achieved by doping with boron or phosphorous 
amongst many others. It is necessary to find shallow donor and acceptor levels 
otherwise conduction, even at elevated temperatures, will not be appreciable. It is 
established that doping with boron can p-type a diamond although the acceptor level 
is fairly deep with an activation energy of 0.37 eV [39]. Finding a suitable n-type 
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dopant remains a key problem for diamond. Nitrogen, although readily incorporated 
into diamond, has a very deep level at 1.7 eV [40]. Growing high quality CVD 
diamond doped with phosphorous has proven to be problematic. Theoretical 
modelling is a useful tool in searching for viable electronically active defects and the 
theoretical levels for several defects have been calculated [41,42]. 
There are recent reports that extremely high levels of boron doping can lead 
to superconducting diamond [43]. Further reports show that synthetic highly boron 
doped diamonds are superconducting, grown either by the HPHT method (Sidorov et 
al [44]) or by CVD (Kac'marc'ik et al [45]). Superconducting diamond is however not 
the focus of this thesis and will not be discussed further. 
Some defects have desirable properties in themselves, an example being the 
nitrogen-vacancy centre, NV, in diamond, which is attracting a lot of attention at the 
moment as a potential use as a quantum bit or "qubit" due to the long coherence times 
[46,47,48]. For further details of the requirements for a qubit and details of how the 
NV centre in diamond may meet the required criterion see reference [49]. 
1.6 Motivation for research 
It is known that treating natural diamond to high pressure-high temperature 
annealing can improve the colour e. g. from a brown colour to colourless [50]. From a 
gemmologists view point it is important to be able to differentiate between natural, 
treated (e. g. annealed to improve colour) and synthetic diamonds. Currently all 
synthetic diamond is readily identifiable, but as techniques for making and processing 
diamond become more sophisticated, so too must the means of discrimination [5 1, 
52]. Studies of defects in diamonds can help in this aim as the growth of diamonds 
(natural, HPHT-synthetic or CVD-synthetic) is different one might expect the 
incorporation of defects to differ. This is sometimes the case and certain defects are 
unique to a particular growth technique or process. 
This thesis is concerned with investigating the structure and stability of defects 
and in particular hydrogen related defects that seem to be specific to SC-CVD 
diamond. The role of hydrogen may be critical to the performance of CVD diamond 
as a semiconductor device. Recently hydrogen incorporation in SC-CVD diamond 
has been reported [2,3,4,5]; however, there is little in the literature about the 
stability of these defects or the method of incorporation and the structure of the 
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defects are either contentious or unknown. The work presented in this thesis is 
motivated to better understand the structure and properties of hydrogen related 
defects. 
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Chapter 2 
Literature Review 
2.1 Introduction 
The aim of this chapter is not to review the entire field of diamond Physics as 
such a task would take too long. Previous research and results pertinent to the work 
presented in Chapters 5-9 shall be given in the Background and Motivation for 
Study section at the beginning of the relevant chapters. This is done such that the 
chapters are themselves self-contained. This chapter will discuss the literature that is 
of general interest to the thesis as a whole. 
This chapter shall give a brief review of the current growth-conditions for 
single crystal -chemical vapour deposition (SC-CVD) diamond. Whilst the work 
presented in this thesis is not directly involved with growth a review of current CVD 
methods is important. This thesis is concerned with defects in SC-CVD and so only 
SC-CVD synthesis is considered. The review takes the form of comparing the growth 
conditions used (when given) by several groups/companies that grow SC-CVD 
material. This is not meant as an exhaustive list but rather as a brief overview. This 
section shall also give a very basic description of a typical CVD growth technique. 
This chapter will also introduce those point defects that are of general interest 
to the results presented later in this thesis, specifically: vacancy, nitrogen and 
hydrogen related point defects. The method of detection and properties of these 
defects shall be discussed. 
This chapter shall, however, first introduce the naming conventions for 
diamond and defects in diamond. 
2.2 Classification of diamond and naming conventions 
The "type" convention for naming natural and synthetic high-pressure-high- 
temperature (HPHT) diamond refers to the incorporation of defects in the diamond. 
This is usually with reference to the most common impurity in diamond, nitrogen, as 
observed using IR absorption spectroscopy [1]. The division between type I and 
type 11 is not clear in the literature but it is suggested that below concentrations of 
between I and 2 pprn of each of the A, B or C forms of nitrogen, the optical 
signatures become too weak to detect with conventional IR instruments (the definition 
of type 11 material) [2]. Type I diamonds can contain nitrogen at concentrations > 50 
ppm, which may be incorporated as single substitutional nitrogen (type lb) or as 
aggregated nitrogen (type la) [3]. Type 11 diamonds may contain trace amounts of 
nitrogen (type Ila) which are not observable with IR spectroscopy, or contain boron 
(type Ilb) [3]. 
The focus of this thesis however is on SC-CVD grown diamond. In such 
samples the nitrogen content is typically very low (type 11) and the conventional 
classification method is perhaps not all that meaningful. Martineau et al [4] suggest a 
different classification for CVD diamonds and divided samples into one of four 
categories; nitrogen doped, nitrogen doped then subsequently HPHT annealed, boron 
doped and high purity. High purity samples are samples grown where exhaustive 
measures have been taken to ensure that all impurities are removed with the exception 
of hydrogen. The conventional method of labelling diamonds (type 1, type 11 etc. ) is 
still used for natural stones and HPHT-synthetic samples (including the substrates for 
CVD diamond growth) where the nitrogen content is such that the classification is 
meaningful. 
The naming convention for defects is quite complicated. Defects observed 
using magnetic resonance are assigned a label corresponding to an acronym denoting 
the institution where it was first observed [5]. A model is then associated with the 
label. For example, the W 15 defect was observed at the University of Witwatersrand 
and has been identified as the negative nitrogen-vacancy complex, NV_ [6]. In optical 
spectroscopy there are two naming conventions, the first is to refer to the optical 
absorption line corresponding to the energy/frequency/wavelength that the 
line is 
observed at. The second is to refer to the line by a label, usually relating to the origin 
of the line. For example, the absorption (and luminescence) at 
1.673 eV was labelled 
as a zero-phonon-line (ZPL) arising from the GRI 
defect ("general radiation" defect 
one) and has since been identified as the neutral 
isolated vacancy [7,8]. There are 
instances where the same defect has two labels; there 
is a defect in diamond that 
consists of three substitutional nitrogen atoms around a common 
lattice vacancy with 
trigonal symmetry. This gives rise to the P2 EPR signal and the 
N3 optical signal [9, 
10]. 
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A comprehensive collection of optical absorption lines (and labels) in diamond 
up to 1998 are listed by Zaitsev [10]. The reader is also referred to Section I of a 
review by Walker [I I] where an explanation of the naming conventions can be found. 
A collection of EPR lines cross-correlated with optical centres (and llce-versa) and 
their associated models in diamond (and other semiconductors up to 1990) can be 
found elsewhere [12,13]. 
2.3 CVD growth 
2.3.1 A review of SC-CVD synthesis conditions 
This section shall review some of the current growth conditions used by 
several groups to grow SC-CVD diamond. Many of the typical synthesis conditions 
are compiled in Table 2- 1. 
Element Six Ltd. (UK) report SC-CVD growth using a 2.45 GHz Microwave 
Plasma-CVD reactor (MP-CVD). High carrier mobilityý at room temperature (RT) 
was reported in "high-purity" single crystal material grown at - 830'C with a CH4 
concentration of - 5.5% diluted in Ar (10%) and H2 (the total gas pressure was 
> 170 mbar) [14]. The growth on specially prepared HPHT (001) diamond surfaces 
was preceded by a pre-etch phase, however, details of the surface preparation or the 
etch process are not given and there is no mention of growth rates [14]. Element Six 
have also grown SC-CVD diamond with the deliberate addition of nitrogen and boron 
[4,15,16]. 
Sumitomo Electric (Japan) have also reported the growth of SC-CVD diamond 
for electronic use using MP-CVD on (00 1) oriented, synthetic type Ib substrates [ 17]. 
The material was grown using up to 0.5% CH4 diluted in H2 (total gas pressure was 
33 mbar) with a substrate temperature of 800'C and a microwave power of 750 W; 
the growth rate was reported to be 0.1 - 0.3 ýtm h- 
1[ 17]. 
Researchers at Osaka University (Japan) have grown SC-CVD diamond using 
MP-CVD on type 1b, (100) oriented substrates [ 18]. The samples were grown at 
890(1 Off with a microwave power of 3.8 kW and a total gas pressure of 160 mbar. 
The effect of increasing the methane concentration was investigated for 
0.4% < CH4 < 32%; a linear dependence on the growth rate was observed when 
CH4 > 4% and a non linear increase at lower concentrations [ 18,19]. At CH4 
Drift mobilitie of for electrons and 3800 
CM2 V-1 S-1 for holes [ 14]. S 4500 cm- V s- 
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concentration > 4% the appearance of pyramidal hillocks was noted on the (001) 
surfaces. A single sample was grown with a microwave power of 4.7 kW at 1030T 
and 213 mbar; it was found that the growth of the hillocks was suppressed. The 
growth rate was reported as 12 ýtrn h- 1[ 18 ]. 
Apollo Diamond (USA) have reported SC-CVD growth of gem quality 
diamond on both natural and HPHT synthetic type-lb (00 1) diamond surface 
substrates [20,21,22]. The reports do not specify how the plasma is activated but it 
is assumed to be via MP-CVD. There is no mention of surface temperatures, gas- 
phase compositions or growth rates. 
Koidl's group (Germany) have published several papers in which SC-CVD 
samples have been grown using MP-CVD on type Ila (001) diamond substrates at 
800 - 950'C [23,24,25]. The source gas is typically a CI-14/1-12mixture but the 
concentration of CH4 is not explicitly stated, neither are the growth rates. The group 
has also grown SC-CVD samples in the presence of isotopically enriched source 
gases; this will be discussed in greater detail in Chapters 7-9. 
The LIMHP* and CNRSý groups (France) has recently published several 
articles on the growth of large SC-CVD diamond using MP-CVD. Initial experiments 
with a 2.45 GHz reactor (with a microwave power of 1-2(l) kW) grew SC-CVD 
samples on natural type Ila substrates at temperatures between 790 and 950'C [26]. 
The source gas was I- 5% CH4 diluted in H2, below CH4 concentrations of 1% the 
final growth morphology was described as very good but the growth rate was less 
than I ýtrn h-1. It was found that growth on (I 11) surfaces lead to samples with cracks 
and twins whilst (I 10) growth lead to macroscopically rough surfaces, (00 1) surfaces 
were however macroscopically smooth [26]. 
Later experiments used a higher power and pressure (3.2 kW and 220 mbar) to 
investigate the effect of substrate temperature in the range 750 - 1000'C [27,28]. 
The optimum temperature for surface morphology quality was concluded to be 800 - 
850'C; 750'C resulted in too slow growth rates and poor surface morphology and 
growth at 950'C showed large pyramidal features (500 ýtm across) [27,28]. This 
method used a CH4: H2 ratio of 7: 93 and up to 20 ppm of N2was added; it resulted in 
growth rates of 6 ýtm h-1. 
* Laboratoire d'Ing6nieurie des Mat6riaux et des Hautes Pressions 
Centre National de la Recherche Scientifique 
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A pre-etch surface treatment followed by growth led to microscopical Iy 
smoother surfaces (a suppression of the pyramidal hillocks); this pre-etch process 
consisted of exposing the substrate to an oxygen plasma [29]. A growth rate of 
2.5 ýtm h-1 was measured for growth at 800'C with a microwave power of 3 kW using 
3% CH4 diluted in H2 (total gas pressure of 200 mbar) [29]. A pulsed plasma was 
used to increase the power density at the substrate whilst avoiding etching of the 
quartz windows; with substrate temperatures recorded as 850(50)'C, a CH4 
concentration of 7% and an average power density of - 100 W cm-3 ,a growth rate of 
between 9 and 19 ýtm h-1 was reported [30]. 
The role of nitrogen addition to the gas phase was also investigated for a 
constant CH4: H2 (purified CH4 (6N) and H2 (9N)) ratio of 4: 96 and a substrate 
temperature of 850 - 950'C [31]. N2was added to the gas phase in concentrations 
ranging from 2 to 10 ppm; a linear dependence between the concentration of N2 in the 
gas phase and the incorporation of N, O (measured by EPR) was noted and the growth 
rate increased from 6 ýtrn h-1 (no N2added to the gas phase) to 15.8 ýtm h- 1 (10 ppm of 
N2 added to the gas phase) [3 1 ]. It is thought the dominant source of nitrogen is the 
N2purposefully added (i. e. not reactor leaks or impure source gasses). 
The growth of SC-CVD has been reported by workers at the University of 
Hasselt (Belgium) using MP-CVD with growth rates of up to 4 [tm h-1 [32,33]. The 
group used an oxygen plasma pre-etch treatment followed by growth with a CH4 
concentration of up to 15% (diluted in H2) at 650 - 800 'C and a microwave power of 
600 W. 
The Carnegie group (USA) are credited with the highest growth rate reported 
to date of 150 ýtrn h-1 [34,35,36]. Thick SC-CVD samples were grown using a MP- 
CVD reactor on synthetic type lb (001) oriented substrates; high concentrations of 
methane (CH4/H2 --::: 12 - 20%) and nitrogen (N2/CH4 --:: 
0.2 - 5.0%) are used, the total 
gas pressure measured as between 160 and 293 mbar 
however optimal conditions are 
quoted as 213 mbar [35]. Substrate temperatures 
in the range 900 - 1500'C were 
used and it was found that the growth morphology was strongly 
dependent on the 
temperature; spherical black diamond-like carbon was produced 
below 10000C and 
twinned and/or polycrystalline material was 
found to grow at temperatures above 
1300'C [35]. In the HPHT annealing work reported by Charles et al 
[37] the SC- 
CVD samples were also grown by Carnegie using a 
MP-CVD reactor operating at a 
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frequency of 2.54 GHz. SC-CVD was grown on HPHT type Ib synthetic substrates at 
1400'C using a gas phase composition of CH4: H2: N2== 36: 200: 1.5. The microx\-a\, e 
power was quoted as 1.4 kW and a growth of 82 ýtm h-1 was reported. 
Researchers at the University of Augsberg (Germany) have also grown SC- 
CVD on HPHT (001) oriented type Ib substrates using MP-CVD [38,39]. The source 
gas was 10% CH4 diluted in H2 but C02was also reported as a source gas. The 
researchers also grew on vicinal substrates (i. e. substrates where the mis-orientation of 
the (001) surface was up to 8' off axis) for which a growth rate of 30 ýtm h-1 was 
reported compared to 6 ýim h-1 for the (001) growth [38,39]. 
INFMI (Italy) have recently published work on SC-CVD samples grown by 
MP-CVD at the University of Rome Tor Vergata. The samples were grown on HPHT 
type Ib (001) surfaces using microwave powers and methane concentrations in the 
region 520 - 720'C and I- 7% respectively. Growth rates varying from - 0.5 to 
2.5 ýtrn h-1 were observed with the higher growth rates reported for samples grown 
with higher methane concentrations and higher microwave powers [40,41 ] 
Researchers form 1W (India) are starting to grow SC-CVD diamond using 
MP-CVD [42]; using a gas composition of CH4: H2: 02 of 6: 50: 1.0(5) with natural 
diamond as substrates. The growth temperature and power were 850 - 1200'C, 2M 
Polycrystalline material was typically produced but as the temperature was increased 
(T > 900'Q single crystal growth was observed. 
Workers at KUL** (Belgium) have grown diamond heteroepitaxially on a 
(001) iridiurn surface using a direct current CVD method [43]; this technique was 
proposed by Oshtsuka et al [44] using the following experimental parameters: 2% 
CH4diluted in H2, a gas pressure of 267 mbar and a substrate temperature of 840 OC. 
Monocrystalline diamond samples have been reported for a pre-irradiated sample 
grown using this method/conditions [45]. 
Workers from the AISTtt (Japan) have recently published several papers in 
which they have studied SC-CVD diamond which they grew using 
MP-CVD using a 
2.45 GHz reactor. Growth of SC-CVD diamond was achieved on HPHT type Ila 
(001) surfaces at low power and pressure (750 W and 
33 mbar) using a methane 
* Instituto Nazionale per la Fisica della Materia 
Indian Institute of Technology tý, 
Katholieke Universiteit Leuven 
tt (National Institute of) Advanced Industrial Science and Technology 
16 
concentration of 0.5% diluted in H2. Growth at 800 'C resulted in a growth rate of - 
0.3 ýtrn h-1 [46,47,48]. 
More recently experiments using specially created molybdenum substrate 
holders have been used [49,50,5 1 ]. A nitrogen plasma was initially used to pre-etch 
the diamond surface before subsequent growth. The gas composition was a mixture 
of CH4 (-10%) and H2. Nitrogen was also added to the gas phase in differing 
concentrations up to N2 /CH4= 5%; it was found (from SIMS measurements) that an 
increase in nitrogen in the gas phase led to an increase of nitrogen incorporated in the 
SC-CVD material, with incorporations comparable to type Ib material [50]. At high. 
temperatures, pressures and powers (I 155'C, 300 mbar and up to 3.7 kW) growth on 
HPHT type lb (001) surfaces with a Mo holder was reported as high a 150 ýtm h-1, this 
is similar to the growth rates achieved by the Carnegie group [35]. During prolonged 
growth runs however polycrystalline diamond formed on the holders and this could be 
incorporated into the CVD film. To avoid this, the growth runs were repeatedly 
interrupted and the substrate holders cleaned [50]. The addition of nitrogen was 
found not only to increase the growth rate but also to suppress the formation of 
growth hillocks however bunched steps were seen to form on the (100) surface as the 
N2 concentration in the gas phase was increased [49]. The majority SC-CVD diamond 
is homoepitaxially grown on a (001) surface using MP-CVD. 
Hot Filament-CVD (HF-CVD) has resulted in SC-CVD growth, typically on a 
HPHT, type lb (00 1) surface; the growth temperature, methane concentration and 
pressure (800 - 1000'C, CH4 typically less than 1% diluted in H2 and a total gas 
pressure of less than 50 mbar) seem similar to conventional MP-CVD and growth 
rates of 1.2 [tm. h-1 are reported [52]. HF-CVD growth presents problems of film 
contamination with filament materials [53]. 
Table 2-1 collates the pertinent growth parameters for those samples grown 
by MP-CVD methods. Comparison of synthesis conditions such as temperature 
should be made with some caution as the errors/uncertainties in the quoted values are 
quite large (temperature is typically measured with a pyrometer). 
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Power 
(M) 
Substrate T, ('C) Source Gas 
Composition 
P9 
(mbar) 
Rg 
(Lim h-1) 
Notes 
treatments 
ReL 
- 
1 
HPHT (00 1) -830 CH4(- 5.5%), Ar 
(10%) and H2 
> 170 Pre-etch [14,15,16] 
0.7 Type lb (001) 800 CH4 (0.5%) and H2 33 0.1-0.3 [17] 
3.8 Typelb(001) 890(l 0)_ CH4 (<I 0%) and H2 160 2.5 [18,19] 
4.7 Typelb(001) 1030 CH4 (> 10%) and H2 213 12 [18,19] 
- Type lb (001) - - - - [20,21,22] 
Type Ila (00 1) 800-950 CH4and H2 - - [23,24,25] 
1.2(l) Type Ila (001) 790-950 CH4 (< 1%) and H2 70 1 [26] 
3.2 Type Ila (001) 800-850 CH4 (7%) and H2 220 6 [27,28] 
3.0 Type Ila (00 1) 800 CH4 (3%) and H2 200 2.5 Pre-etch [29] 
Type Ila (001) 850(50) CH4 (7%) andH2 200 9- 19 Pre-etch [30] 
Type Ila (001) 850-950 CH4(4%), N2 (2- 
10p m) and H2 
200 15.8 Pre-etch [31] 
0.6 Typelb(001) 650-800 CH4 (15%) and H2 240 4 Pre-etch [32,33] 
1.4 Typelb(001) 1400 CH4(l 5%), N2 
(0.6%) and H2 
213 82 [37] 
1.0 
-2.0 
Type lb (001) 1200 CH4(1 2- 20%), N2 
(5%) and H2 
213 50-150 [34,35,36] 
1.4 Typelb(001) 1200 CH4 or C02 (10%) 
and H2 
120- 
200 
6 [38,39] 
1.4 Vicinal type lb 1200 CH4 or C02 (10%) 
and H2 
120- 
200 
30 8' from 
(001) 
[38,39] 
1.7 
-2.3 
Type lb (001) -1100 CH4(l 0%), 
N2 
(0.1%) and H2 
240 70 [51] 
1.6 
-2.6 
Typelb(001) 1155- 
1220 
CH4(l 0%), N2 
(0.05%) and H2 
213 Up to 120 Pre-etch & 
Mo holders 
[491 
0.7 Type Ila (00 1) 800 CH4 (0.5%) and H2 33 0.3 [46,47,48] 
1.0 
-3.7 
Type lb (00 1) 1150(50) CH4(I 0%), N2 
(0.2%) and H2 
170- 
290 
Up to 150 Pre-etch & 
Mo holders 
[49] 
2.0 Natural > 900 CH4(10%)q 02 (2%) 
and H2 
- [42] 
0.5 
-0.7 
Type lb - 
CH40 
- 7%)and 
H2 0.5-2.5 [40,41] 
Table 2-1: Table collating the synthesis parameters for selected groups/companies that grow 
using MP-CVD growth. T, is the substrate temperature, Pg the total gas pressure and Rg is the 
reported growth rate. A I'-" indicates that the information is not available in the literature and a 
"' denotes that this was grown using a pulsed plasma, the power density was - 100 W CM-3. 
Where errors are quoted in the literature they are reproduced in the table. 
Inspection of Table 2-1 suggests that there are two "typical" regimes; low- 
power and high-power. From this limited review it is suggested that on average there 
is a noticeable difference between samples grown at lower microwave powers 
(< 1.4 kW) and those grown at higher powers. "Low-power" MP-CVD growth is 
typically associated with lower pressures and growth rates (< I ýtm h-1). The typical 
"high-power" MP-CVD growth conditions are inferred (from Table 2-1) to be: 
substrate temperature between 800 and 1200'C, CH4 concentrations of 5- 15%, total 
gas pressure of 170 - 240 mbar. These conditions seem consistent with the values 
listed in a modem review of diamond homoepitaxy by Teraji [54] for high-power 
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CVD growth. The review also highlights that the growth parameters (including 
surface conditions) are mutually inter-related, however the review suggests that for 
(001) hornoepitaxial growth the most important factors are substrate temperature and 
methane concentration [54]. 
In all cases it appears that increasing the temperature and the methane 
concentration increases the growth rate however it is noted that the crystalline quality 
and morphology (pyramidal hillocks and step-bunching) are impaired at excessive 
temperatures or methane concentrations (typically > 1300'C, 10% CH4) [18ý 19,32, 
35,39,54]. 
There is some evidence that a specially designed sample holder can influence 
the growth rate and that a plasma pre-treatment can lead to macroscopically smoother 
surfaces. Growth on a (001) surface is typically used for high quality SC-CVD 
diamond and a mis-orientation angle has lead to a suppression of microscopic surface 
features observed in high growth-rate runs. 
2.3.2 MP-CVD growth 
As MP-CVD seems to be the typical method in which SC-CVD is currently 
being grown a brief description of how this occurs follows. 
In CVD reactors a mixture of hydrogen and a hydrocarbon gas, usually 
methane, are the main reactants. Typically hydrogen is the most prevalent species in 
the gas phase. The reactants are activated by a microwave plasma where they are split 
into reactive species. The reactive species are then transported to the substrate by 
convection or diffusion (diffusion is the dominant transport mechanism for low 
pressure CVD reactors such as plasma reactors). A complex process occurs at the 
substrate surface which eventually leads to the nucleation of diamond particles and 
the growth of diamond. The graphitic sp 2 bonded growth is suppressed by the 
environment in which the diamond is growing, a highly reactive hydrogen plasma in 
which non-diamond carbon can not survive as it is etched by the plasma. The growth 
of CVD diamond is a surface chemical process that is dependent on the flux of 
reactant species to the surface, the products those reactants form, the surface structure 
and the temperature. In diamond CVD growth molecular and atomic hydrogen (H2 
and H) are particularly important. Unlike other CVD processes the pressure in the gas 
phase chemistry is not negligible and free radicals play important roles. H is 
produced via thermal decomposition of H2 and is the most critical factor in 
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determining the growth rate and quality of the diamond [55]. A schematic of a Mp- 
CVD process is depicted in Figure 2-1 below. 
Microwave 
generator 
Waveguide 
Plasma Activation 
H2 --> 2H 
Observation CH 4+H --) CH 3+H2 
Window 
............... .... ....................... I ............... .. 
PIT 0 Substrate 
Reactants 
CH 41 H2 (& NO 
Pump 
Water Cooled Stage 
Flow, reaction, 
diffusion of species 
to (and from) the 
growth surface 
Figure 2-1: Schematic diagram of a MP-CVD reactor showing the basic processes occurring 
during diamond CVD growth. Diagram adapted from 14,36,55,561. 
Reviews on CVD growth which provide a more detailed description of the 
chemistry occurring in CVD diamond growth, both at the different surfaces and in the 
gas-phase, are found elsewhere [55,56,57]. 
2.4 Defects in diamond 
This section shall provide a brief overview of the detection, measurement and 
properties of selected point defects in CVD diamond. 
2.4.1 Isolated vacancies 
The isolated neutral vacancy, VO, labelled GRI, has a peak at 741 nm [58]. 
The ground state of V0 is not paramagnetic. The negative vacancy, V-, labelled ND I, 
has a peak at 394 nm [58]. V- is not limited to absorption spectroscopy but is also 
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visible in PL [59]. The ratio between absorption from one unit of V- and one unit of 
VO was determined to be 4.0(2) [60]. This measurement was not performed over the 
entire absorption band, which is difficult to unambiguously define, but rather over the 
ZPL which are the peaks referred to above. The area of the ZPL is proportional to the 
entire absorption band [6 11. 
The ground state of the negative isolated vacancy, V-, is paramagnetic and 
was identified using EPR and electron nuclear double resonance (ENDOR) [62]. The 
paramagnetic V- signal was found to correlate to the optical ND I absorption signal 
according to 
A394nm =f IV- II (2-1) 
where A394nmis the absorption strength of the NDI, V- ZPL given in meV cm-1 and 
the concentration of V- as measured by EPR is expressed in CM-3 [63]. The 
calibration constantf was determined to be 4.8(2) x 10-16 meV cm 
2. 
The isolated vacancy in diamond was shown to become mobile in diamond at 
temperatures - 700'C [64]. There is some evidence to suggest that upon annealing 
irradiated diamond at 500'C there is an increase in the luminescence at 575 and 
637 nm (§ 2.4.4); this may be because the isolated vacancy is mobile and is captured 
by a nitrogen defect [65]. At typical CVD growth temperatures (§ 2.3) the vacancy 
will therefore be highly mobile. In type I diamond the vacancies were observed to 
anneal out, predominantly in the neutral charge state with an activation energy of 
2.3(3) eV [64,66]. In irradiated and annealed type Ila diamond two annealing rates 
were observed when annealing, both with the same migration energy of 2.3(2) eV 
[67]. One rate was described by a second order process which was ascribed to the 
formation of di-vacancies, the other process was described by a first order process 
which was ascribed to the migration of the remaining vacancies and subsequent 
capture by nitrogen impurities [67]. Annealing kinetics are described in further detail 
in Chapter 3: Theory. Whilst the isolated vacancy is not observed in as-grown CVD 
diamond it is readily captured by nitrogen, with which it forms complexes [68]. 
2.4.2 Multi-vacancies 
The R4/W6 EPR signal has been identified as the neutral di-vacancy, V2 [69]. 
Di-vacancies can form as a pair of monovacancies that subsequently migrate and 
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capture each other. The di-vacancies are more stable than the isolated vacancy and 
anneal out at T- 800'C [69]. At "typical" growth temperatures di-vacancies would 
have annealed out (§ 2.3). 
Positron annihilation experiments are extremely useful in probing vacancies in 
diamond [70,71 ]. Positrons, P+, are the anti-particle of electrons and are emitted in 
some nuclear decays (for example the decay of 22Na produces positrons). After being 
injected into a sample they quickly annihilate with electrons in the bulk. If the 
positrons become trapped at vacancies or vacancy clusters however (where the 
electron density is presumably less than in the bulk) then the average lifetime of the 
positrons will increase. The rate at which positrons are trapped by vacancies will 
therefore be proportional to the concentration of vacancies and the magnitude of the 
extended lifetime will be proportional to the size of the vacancy cluster in which the 
positron has become trapped. Due to Coulomb forces, the charge of the 
vacancy/vacancy cluster will affect how well it can trap a positron. Vacancy clusters 
exist in all types of diamonds and are concentrated in defective regions [70,71 ]. 
Clusters varying in size between 2 and 10 vacancies were routinely detected. A 
systematic trend of increasing vacancy concentration with increasing nitrogen content 
has been noted [70]. 
EPR measurements indicate that there might exist vacancy chains that form 
closed rings [72]. The concentration of chains consisting of n vacancies was found to 
decrease with increasing n. These chains were more stable than the isolated vacancy 
and annealed out at T- 115 O'C [72]. 
Vacancy disks are suggested to be a candidate for the brown colour seen in 
some diamond [73]. It is argued that an extended defect like a disk is more likely to 
cause the colour than point defects since there is an absence of a threshold energy (as 
seen in defects like GRI) and instead there is an absorption continuum. The 
formation energy per vacancy in the disk is calculated to be lower than that of small 
vacancy clusters and these disks could contain up to 200 vacancies [73]. 
2.4.3 Nitrogen in diamond 
The majority of nitrogen in natural diamond is usually found in aggregated 
forms. The more common aggregates are the A-centre (two nearest neighbour 
substitutional nitrogen atoms) and the B-centre (four substitutional nitrogen atoms 
surrounding a lattice vacancy), and can quantitatively be measured using IR 
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I"k absorption [74,751. Another commonly observed aggregate is the N3 centre (in this 
naming convention "N" stands for "naturally occurring"), consisting of three 
substitutional nitrogen atoms sharing a common vacancy [76]. 
Typically, nitrogen aggregates only form under HPHT conditions (typical lab 
conditions - 1900'C and several GPa), but the formation was found by to be greatly 
enhanced by the presence of vacancies and nitrogen-vacancy complexes where 
aggregation occurred at ambient pressures and temperatures as low as 15001C [68, 
77]. Nitrogen aggregates are not found in as-grown CVD diamond. Further reviews 
and references of aggregated nitrogen in diamond can be found elsewhere [78]. 
Single nitrogen is readily incorporated into SC-CVD diamond unless 
considerable efforts are taken to ensure the purity of the source gas and prevent any 
leaks within the CVD reactor [4]. The neutral single substitutional nitrogen defect 
also referred to in the literature as the PI signal or the C-form. of nitrogen, was first 
identified using EPR [79]. The PI signal consists of a nearly isotropic central line 
with g=2.0024(l) and other satellite lines due to the hyperfine interaction. 
Substitution of the I= Iý 14N nucleus with the I= 1/2,15 N nucleus leads to the removal 
of this central line and simplification of the EPR spectrum and had been a useful tool 
when investigating nitrogen doped CVD diamond [80]. The 14 N and 15 N hyperfine 
and quadrupole parameters were determined using ENDOR measurements [81]. To 
avoid confusion in the remainder of this thesis the neutral single substitutional 
nitrogen centre shall be written as Nso. The N, O defect is observable using infra-red 
spectroscopy, and it is possible to make concentration measurements with this 
technique [82,83]. The strength of absorption of the peak at 1130 cm-1 corresponds 
to a defect concentration of 25(5) pprn per cm-1 [83]. 
Nitrogen is a deep donor with a level at 1.7 eV [84,85]. The positively 
charged single substitutional nitrogen defect, N, +, is observable using IR; 
concentration measurements were shown to be possible [86]. The N, + defect has a 
characteristic peak at 1332 cm-1 and is uniquely identified by two further peaks at 950 
and 1046 cm-1. The incorporation of this defect was shown to correspond to the 
height of the 1332 cm-1 absorption line according to the relation that aI cm-1 
absorption is produced by a concentration of N, + centres equal to 5.5(l. 0) ppm [861. 
There are some assumptions made in this thesis when measuring the concentration of 
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centres using IR and these are discussed in Chapter 5 of this thesis. N, + is 
diamagnetic and hence it is not possible to observe using EPR. 
A review describing further particulars of the N, O and N, + defects is presented 
elsewhere [87]. 
2.4.4 NV centres 
Nitrogen vacancy centres, NV, have attracted attention recently as potential 
single photon emitters and for the potential use as a quantum qubit [88]. The 
production of NV centres in natural and HPHT diamonds is through irradiation and 
annealing [89]. NV centres are also routinely detected in as-grown SC-CVD diamond 
using photoluminescence (PL) (with 514 nm. excitation) although the incorporation 
mechanism is not understood [4,22]. The NV centre can exist in two charge states, 
often simultaneously in the same sample [89]. 
The NV- defect is identified in optical absorption spectroscopy by a ZPL at 
1.945 eV (637 nm) and concentration measurements are possible [90,91]. Uniaxial- 
stress experiments showed that this band was caused by an A, to E transition at a 
trigonal centre [90]. The ground state of the NV- centre is paramagnetic (S = 1) and 
can be detected using EPR [6]. Positron annihilation experiments suggest that this 
technique might also be useful in detecting the NV- centre [70]. 
The neutral nitrogen vacancy, NV 0, is identified by a ZPL at 2.156 eV 
(575 nm) [92]. The ground state of NVO is predicted to be paramagnetic with either S 
= 1/2 or 
3 /2 however there is no experimental evidence for an EPR signal originating 
from the NVO defect. 
NV centres are discussed in further detail in Chapter 5 of this thesis. 
2.4.5 Muons and muonium 
Much of the information of hydrogen in diamond has been inferred from 
Muon Spin Resonance (MSR) experiments. Success with MSR in other 
semiconductors, such as silicon and germanium, in predicting the properties of 
hydrogen has lead to similar hopes in diamond. 
Muonium is formed when a muon (an elementary particle analogous to a 
proton but with a reduced mass of z 1/9 that of a proton) binds to an electron. 
Muonium is treated as a light isotope of hydrogen and the two have similar properties 
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and should behave as chemical analogues of each other. Muonium can be 
incorporated in different states in diamond of which two distinct paramagnetic species 
are known (muonium can also from a diamagnetic state denoted ýtD'); these are 
known as the "normal" and "anomalous" muonium species and are denoted Mu and 
Mu* respectively [93]. Mu is believed to occupy a tetragonal (or cage centred) site, 
whereas Mu* is believed to occupy a bond-centred position and has been shown to be 
the more stable of the two forms. Therefore it has been hypothesised that interstitial 
hydrogen will be most stable in a bond-centred position. A more detailed introduction 
and reviews of the isolated muoniurn centre in diamond can be found elsewhere [94, 
95,96]. 
2.4.6 Hydrogen in SC-CVD diamond detected by IR 
The 3107(l) cm-1 absorption line was proposed to originate from a C-H stretch 
mode LVM (local vibrational mode) [97,98]. The line is known to correlate with the 
1405 cm-1 line, attributed to the associated C-H bend mode vibration at the same 
defect. These lines are not seen in as grown SC-CVD material but have been 
observed samples that have subsequently been HPHT treated [4]. The lines have been 
seen to increase with HPHT annealing up to 2200'C where the appearance of a 
number of unassigned lines in the C-H stretch band were also observed [37]. 
The 3123(2) cm-1 absorption line is routinely observed in nitrogen doped SC- 
CVD diamond [4,22]. The defect responsible for this absorption line was suggested 
via isotopic substitution with 2D to be a vibration involving hydrogen and further 
isotopic substitution with 15 N and 13C implied that the centre also involves a single 
carbon atom but there was no shift upon isotopic substitution with nitrogen [23,24]. 
The characteristics of 3107 cm-1 mirror that of 3123 cm-1 and it has been inferred that 
the two defects responsible for the absorption lines have similar atomic structures 
[94]. 
The 3324(2) cm-1 line can be seen in some nitrogen doped SC-CVD diamond 
and is removed by HPHT annealing [4]. Isotopic substitution work suggests the 
defect responsible contains one hydrogen atom [23,24]. 
The 3107,3123 and 3324 cm-1 absorption lines are discussed in further detail 
in Chapters 7 and 8 of this thesis; the defects responsible for these absorption lines are 
currently unknown. 
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Isotopic substitution work indicated that many lines in the NIR region of the 
spectrum also contained hydrogen; these lines are found at 5564(2) (which contains 
two hydrogen atoms), 6425(2), 6856(2), 7354(2) and 8753(2) cm-1 (which are thought 
to only contain a single hydrogen atom) [23,24]. The 8753,7354 and 6425 cm-I lines 
correlated and probably originate from the same defect [80]. The 7354 cm-1 feature 
can dominant the NIR absorption features in SC-CVD diamonds but the defect 
responsible has yet to be positively identified [4,22]. This series of NIR absorption 
lines are discussed in greater detail in Chapter 9 of this thesis. 
2.4.7 Hydrogen in diamond detected by EPR 
2.4.7.1 Hydrogen and VH complexes in polycrystalline diamond 
Hydrogen is a common impurity in diamond. Hydrogen is the most abundant 
atom in the gas phase of CVD diamond growth so it might be expected that hydrogen 
impurities be found in CVD diamond. In polycrystalline material the defects HI and 
H2 are routinely observed [99,100,101 ]. 
The HI signal was first recorded when EPR and Raman spectroscopy was 
used to investigate the morphology and quality of CVD diamond films [99]. The 
signal consists of a broad line at g=2.0028 and was studied extensively using EPR 
where the presence of hydrogen was confirmed by the presence of a pair of satellites 
that originate from "forbidden" Am, =±1 nuclear spin flips of the hydrogen nucleus 
(m, represents the quantum number of nuclear spin 1) [ 10 1 ]. The distance between the 
lines was twice that of the NMR frequency of hydrogen. The Hl, spin 1/2 signal, 
present in high hydrogen containing samples (the hydrogen content was measured by 
NMR), is thought to originate from a single hydrogen trapped at a neutral vacancy 
like defect. HI is stable only and starts to anneal out at - 1500'C [1021. 
The H2 defect has similar parameters to HI but with a smaller line width 
10 1 ]. It is thought to be a similar centre to HI and has the same spin, but H2 having 
a larger distance between the hydrogen and the CA (Cdb is the carbon dangling bond). 
For H2 this is - 2.3 A compared to - 1.9 A for Hl. A report suggests that H2 is also 
present in samples that contain HI and that these defects are not located in the lattice 
bulk but rather at grain boundaries [103]. 
A previously unreported signal observed in CVD diamond films, labelled Hl' 
has recently been investigated with EPR and cathodoluminescence (CL) 
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measurements [47,48]. It was tentatively suggested this signal arises from a couple 
of hydrogen-vacancy complexes with different distances between the hydrogen and 
the Cdb. The defect had not annealed out at 1300 'C and it could not be passivated by 
exposure to a MW-deuterium plasma. 
Six further defects detected using EPR in polycrystalline material are thought 
to involve hydrogen [43,104,105]. The KUL2 (S = 1) and KUL9 (S = V, 2) signals are 
thought to originate from the negative and neutral hydrogen-di-vacancy complexes 
respectively [43,104,105]. KUL2 has been observed in both HPHT diamond and 
CVD films. KUL3 is tentatively thought to involve hydrogen due to the presence of 
weak "forbidden" hydrogen spin-flip hyperfine transitions and correlations with the 
1.68 eV Si-related luminescence peak suggest that silicon might also be involved. 
KUL3 was determined via EPR to have a monoclinic I symmetry. KUL4 is formed as 
KUL3 anneals out at 1400 'C and is thought to be formed out of KUL3 and hence 
contain hydrogen as well. No presence of satellites were observed however and so the 
involvement of hydrogen with this signal cannot be confirmed. KUL16 and KUL17 
are ascribed to defects on a <I 00> surface, each containing one hydrogen. 
It is thought that these defects are only found in polycrystalline CVD material, 
localised at grain boundaries or particularly defective regions in the lattice. It has 
been suggested that vacancy-hydrogen related defects similar to HI are 
homogeneously distributed in CVD diamond [46,106]. 
2.4.7.2 VH complexes in SC-CVD diamond 
Two vacancy-hydrogen related complexes have been observed in SC-CVD 
diamond using EPR spectroscopy, namely the negative nitrogen-vacancy-hydrogen 
complex NVH- and the negative vacancy-hydrogen complex, VfF which was also 
given the label KCL I (King's College London 1) [80,107,108]. 
The NVH_ signal (S = 1/2) was identified by using EPR where the presence of 
hydrogen was identified by the presence of a pair of satellites originating from the 
"forbidden" electron-proton double spin flip transitions [107]. The defect was 
determined to have trigonal C3, symmetry and was found in concentrations greater 
than the NV centres. In this model it was suggested that the hydrogen is located along 
the <I I I> axis although the exact nature of the bonding remains ambiguous. 
Theoretical studies suggest that a model whereby the hydrogen is bonded to the 
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nitrogen are unstable and instead propose a model where the hydrogen is bonded to 
carbon atom; the observed trigonal symmetry is a result of a dynamic superposition of 
three equivalentClh (monoclinic 1) configurations [109,110]. 
The VH- (S = 1) signal has similarities in properties and structure to that of 
NV- in diamond. It was determined to have a trigonal C3, symmetry and was found in 
concentrations close to the detection limit of - 0.1 ppm. VmH, (m and n integers) 
defects have been observed in silicon and it is speculated that there might exist similar 
defects in diamond [111,112]. The model for the VH- defect is contentious; 
theoretical papers propose that the defect is a negative di-vacancy-hydrogen complex, 
V21-1- [113,114]. The same signal (given the label KUL2) has also been observed by 
other workers who also suggest aV2H- model [43]. Due to the contention in the 
literature over the precise model for the defect (either VH- orV2H-) in the remainder 
of this thesis it shall be referred to as the KCLI defect. 
Both KCLI and NVH- are electron traps and have only been observed in the 
negative charge state. These defects have never been seen in natural of HPHT 
synthetic diamond and are thought to have only been observed in SC-CVD diamond. 
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Chapter 3 
Theory 
3.1 Theory of EPR 
Introduction 
Electron Paramagnetic Resonance (EPR) is a quantitative technique. As the 
name implies only paramagnetic defects, those with unpaired electrons, can be 
detected by EPR. In principle the number of spins in a sample is directly proportional 
to the strength or the observed EPR signal. EPR also yields information about the 
symmetry and environment of the unpaired electron. This section will describe some 
of the theory of EPR and explain how experiment and theory are linked. Reviews 
highlighting the use of EPR in the study of defects in diamond are presented 
elsewhere [1,2]. 
3.1.2 Electron spin and resonance 
This section will not discuss the concepts of classical paramagnetism (which is 
covered in solid-state textbooks such as Kittel [3]) other than to state that the energy 
E, of the magnetic dipole moment, p, when in a magnetic field, B, is described by 
E=-p-B. (3-1) 
The energy will be a minimum when the magnetic dipole moment and the 
magnetic field are parallel and a maximum when they are anti-parallel. In the 
presence of a magnetic field the degeneracy of the up and down spin states of an 
electron are lifted. Quantum mechanically the system is described by a Hamiltonian 
where the magnetic moment operator of the dipole, p, is related to the effective spin 
operator of the electron, S, by 
Yf= -p - 
B= 9,, UBS - B, (3-2) 
where g, is the spectroscopic splitting factor, also referred to as the electron "g-factor" 
or the Zeeman correction factor. For a free electron g, =-2.0023193044(2) and is a 
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constant [4,5]. The Bohr Magneton, u, = -ehl2m, (e and Me are the charge and 
mass of an electron respectively). 
In EPR, the z-axis of the spin operator is chosen to lie parallel to the direction 
of the magnetic field. For an electron, the eigenstates of (3-2) are (written using Dirac 
notation) 1+ 1) and 1 -1), with energies of ± 
1/2 geUBB. 22 
In EPR, electromagnetic waves (typically microwaves) are introduced such 
that the oscillating magnetic field is perpendicular to the external applied field, with a 
frequency v. If the energy quantum, AE, is equal to the difference in energy between 
the levels it can induce magnetic dipole transitions; the sample absorbs the radiation 
and the system is said to be at resonance. The photon energy at resonance 
corresponds to 
hv = AE= geUBB. (3-3) 
To probe the different energy levels either the frequency or the magnetic field 
needs to be swept. In practice it is more convenient to sweep B and keep v constant. 
3.1.3 Spin Hamiltonian 
So far only an isolated electron has been considered. The systems of interest 
will experience other interactions due to their environment. For solid state systems 
this may include interactions with other electrons or nuclei with a (non-zero) spin. A 
more sophisticated expression is therefore needed to link theory with experimental 
observation. A convenient means of representing this is the effective spin 
Hamiltonian which describes the energy levels close to the ground state in terms of 
spin operators which in turn describe the electron's envirom-nent [4,6,7]. The spin 
Hamiltonian is typically given the form, 
9ýý:::: PBB. g. S+S. D. S+I(S. Ai*Ii+Ii*pi*, i-PNgN, 
B-Ii), (3-4) 
i 
higher order terms, 
where S and Ii are the effective electron spin and the nuclear spin of the ith nuclei 
respectively, with eigenfunction I ms 1, m, 
). The terms g, 2,1, E and gNdescribe the 
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electronic Zeeman interaction, the zero field splitting, the hyperfine interaction, the 
quadrupole interaction and the nuclear Zeeman interaction respectively. A brief 
description of each interaction is presented in the next sections. 
Electronic Zeeman interaction 
This term is caused by the interaction between the magnetic dipole moment of 
the electron and the magnetic field and is represented by 
9'f =, u, B -g- (3-5) 
This is in itself a simplification as strictly, g is dependent on both the spin 
angular momentum and the orbital angular momentum. However the strong covalent 
(hybrid SP3 ) bonding in diamond breaks the symmetry of free atom orbitals, 
quenching the effective orbital angular momentum, therefore the component in the 
direction of the Zeeman field will have an expectation value of zero, (Lz) = 0. 
Therefore to first order g is only dependent on S. However, spin-orbit coupling can 
affect the value of g by spin state mixing with the ground state and excited states. The 
coupling removes the quenching and (L, ) #0 (a small amount of orbital angular 
momentum appears in the ground state) and the resultant circulation produces a local 
B-field that adds vectorially with the external B-field. Russell- Saunders coupling 
(also referred to as LS coupling) is assumed; this means that the electron-electron 
interaction has already been considered and the spin-orbit coupling can be treated as a 
perturbation. The effect of this perturbation on the Hamiltonian is derived in [4] 
where 
9: -::: gel+ 2ýA. (3-6) 
The effect of spin-orbit coupling is a contribution to the zero field splitting 
(discussed in the following section), a deviation of g from gj and anisotropy 
in g [4,8]. ý is the spin-orbit coupling term and A describes the spin-state mixing 
term [4,9,10]. 
In the literature g-values for axially symmetric defects are typically shown in 
terms of parallel and perpendicular components, where the parallel component lies in 
the principal direction of the defect under study. For an axially symmetric g-matrix, g 
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can be rewritten as a diagonal matrix where g_L = g, - g,, and g,, = g: 
(gx =gy; & gý, ) 
3.1.3.2 Zero field splitting 
The zero field splitting term represents interactions that cause splittings in the 
absence of an external magnetic field and is given by 
-Y C 7T = S-D. S. (3-7) 
It arises from electron-electron interactions and so is only observed in systems 
that contain more than one unpaired electron i. e. S ý! 1. There can be three 
contributions to this zero field splitting term: 
o The spin-orbit coupling interaction (D = ý'A), described in Section 3.1.3.1, 
which are often very small (negligible) in diamond [9,11 ]. 
The exchange interaction describes the direct overlap of the wavefunction of 
the unpaired electrons between neighbouring magnetic ions at a defect site [9]. 
The magnetic dipolar interaction (dipole-dipole interaction) which typically is 
the dominant interaction in the absence of strong spin-orbit coupling. 
The magnetic dipolar interaction for an S=1, two electron system, with spins 
S, and S2, separated by the vector r is given by the following Hamiltonian: 
Yf = 
Alo 2 2[r 
2(SI 
* S2)-3(S, *rXS2 - r) 
(3-8) ge PB 5 471 r 
The tracelesst matrix D is often written in terms of Cartesian coordinates 
where the z-axis lies parallel to the principal direction of D [4]. The Hamiltonian is 
then 
DS2_1 S(S + 1) + E(S 
2 
-s2 (3-9) 
3X Y), 
tD represents an electric potential and therefore must satisfy Laplace's equation, it is therefore chosen 
to be traceless [9]. 
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where 
3 
D=D, and E (D -DY). 3-10) 2'2x 
For pure dipolar broadening D and E are expressed as: 
22 
D= po 
3 
g2.2 r -3 Z and E= 
Po 322 
4; T 4Br54; T 49 
PB 
r5 
where the angular brackets imply an average over the spatial part of the electronic 
wavefunction [4]. It can be seen that E40 if the x and y-axes are equivalent (the 
defect under study has axial symmetry). Similarly D40 if the x, y and z-axes are 
equivalent (the defect under study has cubic symmetry). 
3.1.3.3 Hyperfine interaction 
The hyperfine term represents the interaction between the nuclear magnetic 
dipole moment and the magnetic field at the nucleus due to the electronic 
magnetisation i. e. it is a measure of the coupling between a magnetic nucleus, I and an 
unpaired electron, S, and is given by 
1f=S. A . Ii. (3-12) 
All nuclei with I>0 will have a magnetic dipole moment and therefore 
hyperfine structure is only observed for nuclei with I#0. A is important as it is a 
measure of the unpaired electron probability density distribution. 
Direct contributions to the hyperfine interaction describe the interaction of a 
nucleus and the unpaired electron distribution localised on it. A is split into two 
components, an isotropic component, Ai,,, and an anisotropic component, 
Aaniso- 
Only electrons in s-orbitals will have a non-zero probability density at the 
nucleus. The orbital is spherically symmetric and gives rise to the isotropic hyperfine 
described by 
2po ýVf(0)2, 
Aiso 
3 
gePBgnPn (3-13) 
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where T(O)is the wavefunction of the electron at the nucleus and g, and gv are the 
nuclear g-value and nuclear magneton 
CUN= 
eh12M for a nucleus with mass M 
respectively [4]. 
Electrons in p, d or f-orbitals will have nodal points at the nucleus and hence 
do not contribute to the isotropic hyperfine interaction. There will exist magnetic 
dipolar interactions analogous to that between two electrons described in (3-9) in 
§ 3.1.3.2. Instead of an interaction between two electronic spins separated by a vector 
r, this describes the interaction between an electronic spin and a nuclear spin, L This 
is the origin of the anisotropic hyperfine interaction and is given by [4]: 
A Po r'(S - 
I) - 3(S - rXI - r) 
aniso 47r 
9eJUB9NPN 
Ir5 
For an axially symmetric hyperfine interaction, A is often written as a diagonal 
matrix in the form of parallel and perpendicular components, All (All lies parallel to the 
principal direction) and A, : 
( A, 00 
A= 0 A, 0 (3-15) 
\1 
00 All, 
where Aiso -I 
(All + 2A, 
_) 
and Aamso -I 
(All 
- Aj. (3-16) 33 
There exist indirect hyperfine interactions that contribute to the hyperfine 
structure but they are generally small compared to the direct [9]. 
3.1.3.4 Quadrupole interaction 
The quadrupole interaction represents the coupling between the quadrupole 
moment, Q, of a nucleus and the electric field gradient, qfg, generated by the 
surrounding charges. The interaction is described by 
1 "i" 
(3-17) 
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The matrix P is expressed as a traceless tensor. It is often written in terms of 
Cartesian coordinates where the z-axis is reserved for the principal direction. The 
Hamiltonian is then written as [4]: 
P, J2 -I I(I ++ 
IP11 (12 
_ 
2), 
1z33xy 
3-p 
where fý and )7 
(P' 
(3-19) 2 P, 
The asymmetry parameter q describes the deviation from axial symmetry 
around the z-axis. For axial symmetry q=0. PI, can be written as [4]: 
JI= 
3eq, ç Q 
41(21 + 1) * 
(3-20) 
The quadrupole moment, Q, describes the shape of the nuclear charge 
distribution; it is a characteristic of each nucleus. For a spherical nucleus Q=0, for a 
stretched shape Q>0 and for a squashed shape Q<0 [9]. Only nuclei with I> '/2 
have an electric quadrupole moment, and hence the quadrupole interaction is not 
observed for nuclei with I<1. 
q, fg is the electric field gradient at the nucleus. As s-orbitals are spherically 
symmetric they do not contribute to qfg but a p-orbital has an asymmetric charge 
distribution near the nucleus and so has a non-zero contribution. 
3.1.3.5 Nuclear Zeeman interaction 
The nuclear Zeeman interaction is analogous to the electronic Zeeman 
interaction described in § 3.1.3.1. It describes the interaction between the nuclear 
magnetic moment and the magnetic field and is given by 
-'r C= Ya-PNgN B-Ii. 
i 
(3-21) 
The nuclear Zeeman interaction is weaker than the electronic Zeeman 
interaction by a factor of m, 1M. EPR spectra are usually considered to be independent 
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of the nuclear Zeeman interaction since the allowed transitions obey the selection 
rules Ams= ± I. Am, =0 (selection rules are discussed in the next section) [4]. 
3.1.4 Transition probabilities and selection rules 
In EPR the magnetic dipole transitions are driven by an oscillating magnetic 
field (typically microwaves), Býtw. 
An energy matrix of a spin-system when placed in an external magnetic field, 
B, is defined with elements ((pf IVý (pi) where I Oj) and I O. f 
) are the initial and final 
states of the system respectively and Vis the effective spin Hamiltonian [4]. 
Consider an S= 
1/2 
,I=0 spin-system with an isotropic g-factor, B is taken to 
lie parallel to the z-axis (the axis of quantisation). The eigenvalues of the energy 
matrix describe the energy levels between which EPR transitions may occur [4]. 
In general, knowledge of the energy levels is not sufficient to predict which 
EPR transitions will be observed. To calculate this it is necessary to consider the 
interaction of the exciting electromagnetic radiation (Bpw == JBPwI (1, m, n)) which 
interacts with the spin-system (, uB= -g pB (S,, Sy, Sj) in the same manner as the 
applied external magnetic field B (although B is static and usually much larger in 
magnitude). The Hamiltonian for the exciting field in the S= 1/2,1 =0 example will 
be 
VPw 
--z 9PBJBýt,, 
ý(Nx + mSs + nSA (3-22) 
which will have matrix elements of the form 
((pf j7fýjw I (pi). If BIIB,,, then the only 
non-zero termsT are the diagonal elements ýMj9PBBý, wSzIm, 
). Therefore the 
selection rules are Am, =0 and in this case no EPR transition will be observed. If 
however the exciting field is perpendicular to the z-axis (B I B,,, ) then the only 
non-zero terms will come from ýms ±Iý2 Sjms)ý. The selection rules for this 
* Eigenstates of a normalised system are orthogonal to each other unless they have the same 
eigenvalues, i. e. ým,, I m') =0 and 
(,,, I m, ) = 1. 
t S, and Sy can be defined in terms of the ladder operators S- or S by S+ = Sx ± iSy . 
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example are therefore Am, =±I and EPR transitions may be observed. At resonance 
1 ý6 
ýf 
ývw 16 the probability of a transition is oc [IL ýi) 
12 
For a system with a nuclear spin the system is described by ým.,, m, ) states 
and the energy matrix has diagonal elements of the form ýms, mi I 7f I m, mj) and 
off-diagonal terms of the form 
(ms', 
mý 
ýVI 
ms, mj) [4]. It can be shown that if 
9PBB >> A (assuming A isotropic) then for EPR the "strong" selection rules are [4]: 
Am, = ± 1, Am, = 0. (3-23) 
The hyperfine interaction plays an important role in determining the energy 
levels and the selection rules. The hyperfine interaction will always contribute terms 
containing the ladder operators (S, and I±) and hence give rise to off diagonal terms in 
the energy matrix [4]. Likewise an anisotropic g-value or a field that is not aligned 
precisely along the z-axis will also contribute terms with ladder operators. The energy 
levels are then no longer eigenvalues of pure I m, mj) states but are a mixture of 
different spin states. The energy levels will be shifted and the selection rules will 
relax such that 
Am, #- ± 1, Am, # (3-24) 
transitions may occur. If the off-diagonal elements are negligible then the strong 
selection rules dominate leading to "allowed" transitions. If the off-diagonal terms 
become significant then "forbidden" transitions may occur as a result of spin-state 
mixing. 
3.2 Symmetry and point groups 
When studying defects in single crystals the symmetry of the defect is very 
important; apart from constraining the structure of a defect knowledge of its 
symmetry places severe restrictions on its expected properties [ 12]. 
Diamond is a cubic crystal with tetrahedral symmetry and is a member of the 
Td point group*, with 24 associated symmetry elements [13]. The symmetry elements 
According to Sch6nflies notation of labelling point groups. 
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describe operations that leave a single point of an object unaffected [14.15]. The 
order of the point group of the defect describes how many different orientations the 
defect under study may have. It is defined as the ratio in the number of symmetrý, 
elements in the crystal's point group to the number of symmetry elements associated 
with the defect [ 12]. 
To discuss how symmetry affects EPR spectra the PI defect (neutral single- 
substitutional-nitrogen, N, O) will be used as an example [ 16]. N, O is an S= 
1/2,1 =1 
system and using the strong selection rules this will lead to three allowed transitions. 
N, O has C3v symmetry. For a C3, defect the order and hence number of 
orientations are 
24 /6 = 4. A defect with C3v symmetry will therefore have only four 
distinguishable orientations, or "sites". Each orientation will have a principal axis 
(the axis with the highest degree of symmetry) that makes a different angle with the 
applied magnetic field and the observed EPR spectrum will be the sum over all these 
sites. The principal axes of this defect will lie in the following directions: [I I I], 
IIIII]. The experimental techniques of EPR and uniaxial-stress (see 
Section 3.5) are insensitive to inversion symmetry [ 17]. 
For N, O each site will have three associated transitions, but since the defect is 
not isotropic the magnitude of the hyperfine splitting will be different for the different 
orientations. There is typically no observable change in the position of the I+ '/ý 
<-> I- V2 0) transitions (see (3-12)) since the anisotropy is << linewidth, however, 
when aligned in an arbitrary field the remaining (outer) transitions will appear to have 
split. Along the principle directions (BII[001], Bjj[lll] and BJJ[110]) some of the 
transitions coincide as multiple sites make the same angle the with the magnetic field 
[16]. 
The thesis by Cox [ 18] (later updated in the thesis by Glover [ 19]) provides a 
table listing the splitting(s) and relative intensities one would expect to observe for the 
different symmetries for tetrahedral point sites along the principal directions. 
The field positions of the EPR lines are often plotted as a function of angle as 
a sample is rotated in the (110) plane from BII[001] to B11[110]. Thistype of plot is 
referred to as a roadmap and the pattern of the roadmap can often act as a signature of 
a particular point group. The pattern of an EPR spectrum and the magnitudes of the 
splitting(s) are determined by the effective spin Hamiltonian parameters. For a defect 
with known parameters this can be used to orient the sample to a known direction. 
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3.3 Optical absorption theory 
In this thesis the term "optical absorption" is used to denote techniques 
whereby electric dipole transitions occur. Optical absorption measurements are 
usually categorised by the spectral range over which the spectrometers operate. The 
most common optical absorption spectrometers used in diamond research operate in 
the infra-red (IR), ultra-violet (UV) and visible (Vis) parts of the spectrum. Optical 
absorption is in theory a quantitative technique and has the advantage over 
photoluminescence in that it is not affected by non-radiative processes at the optical 
centre [12]. The aim of this section is to introduce the mechanisms which give rise to 
optical absorption. Reviews including a comprehensive list of observed optical 
transitions can be found elsewhere [20,21]. 
As light, an electromagnetic wave, passes through a material it may be 
attenuated. Attenuation is the combination of absorption and scattering. Scattering is 
the dominant attenuation mechanism only at very high energies such as X-ray or 7-ray 
energies [22,23]. At lower energies the electromagnetic radiation is attenuated 
through absorption. In diamond the mechanisms for absorption are classified into two 
broad categories: electronic and vibrational [ 12]. 
3.3.1 Electronic absorption 
In optical spectroscopy the electronic absorption in intrinsic diamond (pure 
diamond in the absence of any impurities or defects) can only occur if the incident 
radiation has sufficient energy to promote a charge carrier from the valence band to 
the conduction band. Diamond however is a wide band gap semiconductor and the 
indirect band gap is - 5.5 eV and so there will be no intrinsic absorption due to 
electronic transitions if hv < 5.5 eV [12,24]. Impurities may introduce states in the 
band gap and electronic transitions may occur between these states and the valence or 
conduction bands. This defect induced electronic absorption may give rise to lines in 
an optical absorption/IR absorption spectrum. These lines are referred to as zero- 
phonon lines (ZPL's). The reason for this label will become apparent in § 3.3.2.2. In 
diamond these transitions typically occur at higher energies than vibrational 
transitions, in the near infra-red (NIR) through to the UV part of the spectrum [2 1 ]. 
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3.3.2 Vibrational absorption 
In diamond vibrational transitions typically occur in the middle of the infra- 
red (MIR) part of the spectrum [2 1 ]. Vibrational absorption occurs due to the 
coupling between the electromagnetic radiation and lattice vibrations of the material's 
constituent atoms (phonons). For absorption to occur there must be a conservation of 
both energy and momentum. There must also exist a coupling mechanism to transfer 
the energy of the electromagnetic radiation to the vibrations of the diamond's 
constituent atoms. The coupling mechanisms are discussed in § 3.3.2.1, but for now it 
is sufficient to say that in general, for radiation to be absorbed electric -dipoles are 
required. The principal behind the coupling mechanisms is the change of state of the 
electric dipole moment. 
Diamond is a homopolar covalently bonded material which does not posses a 
permanent electric dipole moment. For intrinsic diamond the only absorption occurs 
from multi-phonon processes [25]. If a lattice nucleus vibrates about an equilibrium 
position it can produce a deformation of charge with the surrounding electrons and 
create a small oscillating electric dipole (a small local polarisation). These vibrations 
always exist; even at absolute zero there is some zero point motion. This small 
electric dipole can then be driven by the oscillating electric field of the incident 
radiation, i. e. the electric field induces an electric dipole moment. The energy of the 
incident photons are transferred to the vibrational motion of the atoms. Electric 
dipole transitions may only occur if the molecule/defect has the ability to respond to 
an electric field and acquire an electric dipole moment [5]. This is also referred to as 
the electric polarisability. 
3.3.2.1 Coupling mechanisms 
There are three different coupling mechanisms that occur in solids: 
e Restrahl, or single phonon absorption can only occur in ionic crystals [26]. As 
diamond is a homopolar covalently bonded crystal this mechanism shall not be 
discussed further. 
Multiple-phonon absorption occurs when two (or more) phonons 
simultaneously interact to produce an electric dipole. Single phonon 
absorption is forbidden in diamond because of the inversion symmetry of the 
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perfect lattice [25]. The diamond lattice has two atoms per unit cell. For a 
single phonon the displacement of the two atoms from the equilibrium 
positions is equal in magnitude but opposite in direction. Furthermore the 
displacements are a radians out of phase. The polarisations (induced electric 
dipole moments) created will effectively cancel each other out such that there 
is zero net polarisation (no electric dipoles) [14]. Electromagnetic radiation 
therefore cannot couple to lattice vibrations through a single phonon, but can 
couple to lattice vibrations through multiple phonon processes* which produce 
a deformation of charge. 
Defect induced one-phonon absorption is perhaps the most relevant 
mechanism for this thesis. When an impurity or a defect is introduced into the 
diamond lattice it introduces strain; some bonds may change length, the 
periodicity and local symmetry of the lattice is destroyed, an electric dipole 
may be introduced and single phonon absorption may occur. 
3.3.2.2 Electron-phonon coupling and local vibrational modes 
Electron-phonon coupling processes are also referred to as vibronic processes. 
An electronic absorption that occurs without the aid of a phonon is referred to as a 
ZPL. These lines are usually very sharp with a line-width determined by the lifetime 
of the excited state and further broadened by random strains in the lattice [20]. The 
energy of the state can be lowered with an increasing magnitude of strain [27]. As 
previously mentioned in Section 3.3.2, this drives the harmonic motion of a nucleus 
about an equilibrium position. Electronic states may be coupled to vibrational states 
and transitions may occur with the absorption of a photon and simultaneous creation 
of a phonon. This phonon assisted transition is referred to as vibronic as it results 
from electron-phonon coupling. The result is that a phonon side-band may be 
observed in an absorption spectrum a distance equal to a phonon quantum of energy 
from a ZPL. Absorption bands may have considerable width in a crystal as a result of 
vibronic processes [ 12] 
In solids the maximum frequency at which an (optical) phonon can propagate 
through the medium is called the Raman frequency. In diamond this corresponds to 
* Because the momentum of the lattice, P= h1a (where a is the lattice constant), is typically much 
greater than the momentum of the photon, p= h1A for total conservation of momentum (a it is 
probable that multiple phonons are required. 
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when the wavevector is zero and the transverse and longitudinal optical modes are 
degenerate at 1332 cm- 1 [3,9,28]. The frequency an impurity/defect resonates at may 
be different to that of the bulk vibrations; the impurity will have a different mass and 
so will exhibit different elastic restoring forces (analogous to masses on springs). If 
the mass of the atom is lighter than the mass of carbon, or if the bonds are stronger 
(analogous to a stronger spring constant) then the vibration will be unable to 
propagate through the lattice as the energy of vibration is greater than the Raman 
frequency [9]. The vibration will be localised in frequency and space. Such modes of 
vibration are called local vibrational modes (LVM's) [12]. Conversely, if an 
impurity/defect is heavier than the carbon atoms, or if it is more weakly bound 
(analogous to a weaker spring constant) then the modes of vibrations will be able to 
propagate and will give rise to absorption in the bulk absorption band [12]. It can be 
seen that isotopic substitution has a very important role to play in optical absorption, 
as a change in mass will result in a change in the energy of the vibration and hence a 
change in the resultant absorption spectrum. 
3.4 Photoluminescence 
Luminescence can be a very sensitive technique, allowing some centres to be 
observed at concentrations of less than I part per billion (ppb) host lattice atoms [12]. 
Luminescence may be generated by excitation with photons (referred to as 
photoluminescence or "PL"). PL is different from absorption in that it is the emission 
from the sample that is measured. Photons with initial energy, hv are incident on the 
sample. Photons with energy below the band gap (hv < 5.5 eV) are not absorbed by 
the pure crystal, but optical centres may absorb the light and enter an excited state 
[12]. As the state de-excites to a lower level it might emit a photon with energy equal 
to the difference in the energy levels and it is this photon that is measured. The 
energy of the luminescence as the centre de-excites is unambiguously characteristic of 
the optical centre and hence PL is an excellent technique for determining if an optical 
centre is or is not present [12]. In general though PL is not regarded as being 
quantitative. Some of the reasons why the luminescence intensity is not proportional 
to the number of centres in the sample are [12]: 
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* Luminescence can occur a substantial distance away from the point of 
excitation. This is more important when using above band gap 
excitation where an electron and hole partially recombine to form an 
exciton. The exciton may have a substantial lifetime and may diffuse 
through the lattice and be captured by an optical centre, producing 
luminescence a distance away from the original point of excitation. A 
concentration measurement may not therefore be representative of the 
true concentration of centres at the exciting point. 
o The incident energy may be captured by multiple centres in the sample 
which compete for the intensity and not just the centre of interest. 
9 The excited centre may be affected by non-radiative processes, such as 
creation of a phonon. 
Knowledge of the lifetime of the luminescence, r, can be used to estimate the 
concentration of centres, M, in the absence of non-radiative processes using detailed 
balance [12]. 
_3E2 
fu(E)dE, (3-25) [x] = 
g-, 
g, ge n+2 h' 
where n is the refractive index, E is the mean energy of luminescence, c is the speed 
of light in a vacuum and gi and gf are the degeneracies of the initial and final states 
respectively. The absorption coefficient is integrated over the entire absorption band. 
This approach was used to determine the concentration of neutral vacancies in 
diamond [29]. 
3.5 Uniaxial-stress 
Uniaxial-stress is an extension to an existing technique. This can be EPR, PL 
or optical absorption spectroscopy but in this thesis only the latter has been used and 
hence the term "uniaxial- stress" refers to optical absorption (specifically IR) 
measurements where the sample is under uniaxial stress. Applying a stress introduces 
strain into the system. Uniaxial-stress perturbs the electronic states because the 
movement of atoms perturbs the electron-nuclear interactions [12]. The theory of 
uniaxial-stress is covered in detail in the literature and there are comprehensive 
compilations of the effects of uniaxial-stress [12,30,31,32]. 
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As stress is applied the electronic and vibrational states may be perturbed and 
the degeneracy of states may be lifted. In cubic crystals the stress tensor cy is defined 
as 
07 
xx 
07 
XY 
07 
vz 
ij =a 
cos(o, 
) 
Cos 
(01 
07 
YX 
07 
yy 
07 
lvz 
1 (3-26) 
a 07,07ZZ -x _y 
where u is the magnitude of the stress and Oi (or Oj) is the angle between the applied 
stress and the ith (or ýh) cubic axis (x, y or z). The stress tensor is symmetric (Uy = Up). 
Stresses of the form i =j describe compressions and those of the form i#j describe 
shears [ 12]. ý00 1) compression generates stresses of the form uji and ýl 11) 
compression generates stresses of the form uij. (I 10) compression generates both 
types of stresses and so does not provide any new perturbation data but acts as a 
powerful self consistency check [12]. 
The trigonal. point group shall be illustrated as an example, this point group is 
particularly important to this thesis as several IR-absorption lines have been shown to 
originate from trigonal centres (see Chapters 7- 9). 
The perturbation of the electronic states for an A (singlet state) 4E (doubly 
degenerate state) transition at a trigonal, C3, defect oriented with the principal axis 
lying parallel to the [I I I] crystallographic direction, can be written as [3 3,3 4]: 
+ 07Zý V= CA, 
(07xx 
+ 07yy + CEq 
(2o7zz 
- o7xx - ayy 
+ cE, V3 (uxx o7yy 
(3-27) 
+ C, +(T +U (u 
yz u A, 
((Tyz 
zx XY 
+ c,, 
(2o7xy 
- Uyz - (Tzx 
)+ 
CE, 
zx 
and are electronic operators that transform as shown by where CA, 'CEO ýCE, !, CA, ýCE 0 CE , 
their subscripts. The primes distinguish inequivalent operations of the same type. In 
optical measurements it is the difference in energy between excited and ground states 
that is monitored, therefore, uniaxial-stress only provides information on the 
difference in the perturbations of the excited and ground states [12]. Stress splitting 
parameters are defined to make the analysis more manageable, they are the difference 
in the matrix elements of the electronic operators acting on the excited and ground 
states [12,30,31]. This thesis uses the same notation for the stress splitting 
parameters as Mohammed et al [32]. 
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There are four symmetry related sites with a C3, centre. For all[OOI], the same 
angle is made between the four sites and the direction of stress; the only non zero term 
of (3-27) is a,,,. The perturbation for all four sites will therefore be 
V= CA, cy + 2cE. cy . (3-28) 
At zero stress, the Hamiltonian describing the energy, E, that a given electric 
dipole transition will occur at is denoted by Vo (at zero stress the transition occurs at 
E= h(oo). The energy matrix of the perturbed Hamiltonian for the four equivalent 
sites for an A4E transition, when al 1 [00 1] is written as: 
( hcoo +ýal ýc 1 cý)u 0 (4 0 o', 
0 ýýc 1 eu+2Bo7 0=040 
. (3-29) 
00 ýclc 1 c)u-2Bu) 00 4) 
Substituting for the stress splitting parameters the transition frequencies are therefore4 
[12,30,31]: 
2 =hc El -E =hCt)12 oo + [A, - 2B]a and E, - 
E3 
= 
hCol 
3= hcoo + [A, + 2Bk. (3-30) 
The same analysis can be performed for any direction of stress to give the 
transition frequencies that can occur at the four sites [33]. 
An electric dipole transition occurs when the electric field vector of the 
incident light has a component parallel to the axis of the dipole. A polariser can 
therefore distinguish between effects of stresses on centres with different orientations 
[27]. The magnitude of the observed intensities will depend on the extent of 
polarisation of the dipole. In uniaxial-stress experiments it is common to align a 
polariser parallel with the direction of stress or perpendicular to it. A table can then 
be constructed showing the transition frequencies and the observed relative intensities 
of any split lines (a comprehensive tabulation of these tables for the different point 
groups can be found elsewhere [32]. For an A4E transition at a trigonal C3, centre 
this table is shown in Table 3-1. 
(a, ICA, I al )- (o ICA, 10) = (a, 
ICA, I 
a, )- 
ýE ICA, 16) and B=-(OlcE 
0 
10) 
= 
(EIcE, I E) - 
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Direction of Stress Transition frequency IL 
[001] coo + [A, - 2B 41 
coo + [A, + 2B]c 
Direction of Stress 
[11O coo +[A, + A2 +C-B]a 
coo +[A, + A2 -C+B]o7 
coo +[A, - 
A2 +C+B]u 
ojo +[A, - A2- C- B]o- 
03 
1 
[1101 1[0011 '[110 ] 
003 
1 2 
0 
3 
Direction of Stress III il 
[111] coo + [A, + 2A2 
17 01 
coo + A, -2 
A2 
-4 C]a 
81 13336 
mo + A, -2 
A2 +4 C]07 
03 1332 
Table 3-1: Stress-induced shifts and splittings in the frequency for the A4E transition at a 
trigonal centre. Relative intensities of absorbance lines are denoted by the symbol I,, where a 
indicates the orientation of the electric-field vector of the incident light with respect to the 
direction of stress. Table from Bech-Nielsen and Grimmeiss [35]. 
3.5.1 Classification of stress spectra and thermalisation 
There are three main groups of stress spectra that can occur in cubic crystals: 
orientational, electronic and orientational + electronic [36]. To determine which 
group of stress spectra is being observed (i. e. which type of degeneracy is being lifted 
by the stress) involves looking at the population of the degenerate states. Assuming 
Maxwell-Boltzmann statistics are appropriate4 the number of particles in the ith state, 
n, at temperature T is 
N-E, 
ni - g, exp Z kBT 
(3-3 1) 
" In the high energy regime Fermi-Dirac statistics may be approximated to Maxwell-Boltzmann 
statistics. This is justified as we are considering transitions between levels that are not 
fully occupied 
so E, is greater than the chemical potential and much greater than kBT [3]. 
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where N is the total number of particles in the system and kBis Boltzmann"s constant. 
The degeneracy and energy of the j1h state are denoted by gi and E, respectively. Z, the 
partition function, is given by 
- E, Z= Igi exp 
1 kBT 
(3-32) 
The probability of the ith state being populated is then ni / N. As the system 
cools the higher i states will depopulate until only the ground state (i = 0) is 
populated. This is referred to as thermalisation and provides us with a tool to explore 
the degeneracy of the states and help to identify the class of degeneracy that is being 
lifted by the stress. 
3.6 Annealing 
The term annealing is used to denote the then-nal process of disappearance of 
defects, which occurs in materials with defects in concentrations larger than the 
thermodynamic equilibrium concentration [37]. Defects may disappear because: 
They become mobile and migrate to a sink (a surface, dislocation or another 
defect which traps it). 
* They recombine to form the original defect/complex. 
0 They dissociate (if the defect is a complex) forming two separate defects. 
If the annealing reaction involves more than one process (perhaps a vacancy 
dissociates from one complex, migrates and then gets trapped by a different defect to 
form a new complex) then it is the activation energy of the rate determining step (the 
step that requires the largest input of energy). 
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JE 
a 
JE 
Ea 
Figure 3-1: A cartoon showing three types of annealing mechanisms. From top to bottom these 
represent a defect migrating, recombining and dissociating. The bold circles represent the 
starting position of a defect and the dashed circles the final position. Each process has an 
associated activation energy, E,,. See text for more details. 
The kinetics of annealing has important consequences for any observed 
reaction. In general the rate of annealing of a defect X, in time t, is given by the 
following equation: 
d[X] 
_ -K[X] 
a (3-33) 
dt 
where a also denotes the order of the reaction (i. e. a=I denotes a first order 
reaction, a=2 denotes a second order reaction etc. ) and K is the rate constant. 
Equation (3-33) represents the existence of an annealing process, the initial 
distribution of the defects and the distributions of the different sinks [37]. 
For a first order reaction (an Arrhenius equation) with initial concentration of 
defects equal to X0, (3 -3 3) has the following solution: 
[X] - 
[X, ]exp(-Kt) 
. 
(3-34) 
The rate constant, K,, at temperature T, is given by: 
K= uo exp kBT - 
(3-35) 
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Here vo and E, are the characteristic attempt frequency and activation energy 
of the rate limiting step. The physical interpretation of this will be discussed later. 
There are a number of assumptions made when modelling to a first order reaction. To 
illustrate these assumptions first consider a simple reaction shown by (3-36) where the 
reactant of interest is defect species X. 
[X] 
+ IYI <--> [XYI - 
Q- 3) 6) 
X is only involved once in the reaction and so is not involved in any other competing 
reactions. X is assumed to be distributed homogeneously throughout the sample as is 
defect species Y. As the time, t -> oo, then the concentration of the defect in interest, 
[X] -> 0. This effectively means that the forward reaction shown in (3-37) above (left 
to right) will dominate over the backwards reaction (right to left). If other reactants 
are involved (in this case 1), then they are present in much greater concentrations than 
the defect of interest. This means that [11 is sufficiently greater than [X] such that as 
the reaction progresses the reservoir of Y reactants is not diminished to the extent 
where the rate of the reaction is dependent on [1]. Therefore [1] is effectively a 
constant as the reaction progresses. If this is not the case and the rate of the reaction 
is dependent on both [, Y] and [11 then this would be a second order reaction. 
If the two reactants are located in two different regions within a sample, 
separated by a distance greater than the mean free path lengths then the two species 
will not interact. 
For a second order reaction (3-33) has the following solution: 
[XO ]-' + Kt 
(3-37) 
Note that the rate constant must have units of per unit time per unit 
concentration. If second order kinetics are observed then the initial concentration and 
distribution of the defects and sinks are similar. Second order kinetics are 
encountered when two types of randomly distributed defects with similar initial 
concentrations anneal by direct recombination or a defect anneals through self 
trapping [37]. 
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The isolated vacancy in diamond was shown to decay via a mixed (first and 
second) order kinetics model in electron irradiated diamond [38]. The mechanism for 
the second order component was attributed to the self trapping of vacancies to form 
V2, this is a classic example of second order kinetics. The first order component was 
suggested to be the formation of nitrogen-vacancy centres (V + N, 4 NV). As there 
was a much greater concentration of single substitutional nitrogen than vacancies, this 
process is a first order process. 
Experimentally annealing is usually described as either isochronal (anneals are 
performed at different temperatures for the same period of time) or isothen-nal 
(anneals are performed at the same temperature for varying periods of time). 
In general isochronal data is insufficient to accurately determine the order of 
reaction and any rate constant determined is likely to be fairly inaccurate [37]. In 
isothermal experiments the rate at which defects anneal is independent of the 
temperature and so the activation energy can be obtained without making any 
assumptions of the annealing kinetics, for isochronal annealing however assumptions 
have to be made a priori [37]. Isochronal annealing has the advantage however of 
determining at what temperature changes occur (i. e. locating the characteristic 
annealing temperature) and therefore at what temperatures isothermal annealing 
experiments should be performed. Annealing processes are highly temperature 
dependent; as can be derived from (3-34) and (3-35) the [X] can be dependent on an 
" exp(exp T -') " term. 
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Chapter 4 
4 Experimental Details 
4.1 EPR 
This section shall provide a brief overview into the operation of an electron 
paramagnetic resonance (EPR) spectrometer and the analysis of spectra with respect 
to making quantitative measurements using EPR. 
4.1.1 Operation 
EPR measurements were performed using one of two commercial Bruker 
EMX, X-band (9.75 GHz) spectrometers [1,2]. The EPR spectrometers operate by 
guiding microwaves with a fixed frequency into a resonant cavity and by sweeping 
the magnetic field through the desired range to produce absorption. 
The microwave source is a Gunn diode connected to a microwave bridge 
which can attenuate the power. The frequency of the microwaves is locked to the 
resonant mode of the cavity via the AFC (Automatic Frequency Controller). It has 
been measured that for a scan lasting - 24 hours the drift in the frequency is typically 
less than 0.15 MHz, equivalent to a magnetic field drift of < 0.05 G. 
Resonant cavities can be used to amplify signals by increasing the energy C;,. / 
density at the sample [2,3]. Both resonant cavities used in this work were Bruker 
ER4122SHQ Super-High-Q or "Bruker-SHQ" TEO,, cavities. A resonant cavity is a 
metal box in which standing waves are setup. The resonant frequency of the loaded 
cavity (i. e. cavity and sample) is matched or "coupled" to that of the waveguide such 
that the reflections of microwaves are a minimum. This requires tuning of the 
coupling structure and will be dependent upon such factors as physical dimensions of 
the cavity. Resonant cavities are characterised by the quality or "Q-factor", defined as 
the ratio of the energy stored in the cavity to the energy dissipated per unit microwave 
cycle [4]. Energy absorbed by the cavity is dissipated by the movement of electrons 
in the cavity walls, the sample holder and the sample. Upon resonance there is a 
change of the Q-factor as sample, and hence the cavity as a whole absorbs more 
energy; the cavity will no longer be critically coupled to the waveguide and the 
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reflected power will change. This EPR spectrometer is therefore referred to as a 
reflection bridge spectrometer. 
The reflected microwaves pass through a circulator which redirects the 
reflected power where they are mixed with microwaves from the reference ann and 
directed to a detector (the reference arm consists of an attenuator and phase shifter 
and is used to bias the detector signal) that converts the microwave power into an 
electrical current (a Schottky barrier diode) [2,3]. 
PSD <I 
-------------------------------------------------------------- --- ------------ (70 kHz) 
A Error Detector 
Signal Diode Reference Arm 
Frequency 
........ 
Counter 
8AFC: 
.......... 
Circulator 3 
Signal 
Out 
Microwave Attenuator 2 
Source 
Cavity 
Sweeping B-field 100 kHz 
Modulation 
Coils 
------------- 
Figure 4-1: Block diagram showing an EPR spectrometer. Solid lines show waveguides and 
dashed lines show electrical connections, phase sensitive detectors (narrow band filters) are 
denoted by the acronym PSD. Microwave bridge schematic adapted from Weber et al [2]. 
It is desirable to design a resonant cavity such that [4]: 
(1) the sample is located at a point where the magnetic field component of the 
microwave field is a maximum, and 
(2) the sample is located at a point where the electric field component is a 
minimum. 
It is the magnetic field component that drives magnetic-dipole transitions. 
Minimising the electric field component minimises the dielectric losses which have a 
deleterious effect on the signal-to-noise (S/N) ratio [4]. Below saturation (saturation 
is described further in section 4.1.4) the amount of energy absorbed by the sample at 
resonance is proportional to the square of the RF magnetic field strength, therefore 
maximising the field strength at the sample will enhance the S/N ratio [4]. 
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Figure 4-2: Block diagram showing a front and side view of a standard TE, 02 rectangular EPR 
cavity. The resonant frequency of the cavity is tuned with the iris screw. 
Field modulation is used to improve the S/N ratio. Modulation coils on the 
side of the microwave cavity (see Figure 4-2) produce an oscillating magnetic field of 
magnitude, B.,, odý parallel to the external applied "sweeping" magnetic field. The 
oscillating field was driven at a fixed frequency of 100 kHz. The modulated signal is 
detected by a lock-in detector [4]. A modulated signal will only be detected when 
there is absorption. The signal is compared with a reference signal of the same 
100 kHz frequency; when the two are in phase a maximum signal is recorded, with 
amplitude proportional to the gradient of the original lineshape. The observed 
lineshape is then approximately the first harmonic of the original signal (see Figure 
4-3). The EPR signal is proportional to Bý, odý however, modulation also 
distorts the 
lineshape [3,5]. For small modulations (B,,, od << intrinsic linewidth) this 
distortion is 
negligible but when Bnod is comparable to or greater than the intrinsic linewidth the 
lineshape is distorted. Section 4.1.3 will give details of how the effects of excessive 
modulation are accounted for in the analysis of experimental spectra. 
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3) The oscillating signal is compared with a 
reference signal with the same fi-equency of 100 kHz. When the two signals are in phase a 
maximum signal is recorded which is 
proportional to the gradient of the original 
lineshape. 
4) Observed 
approximately 
derivative of 
lineshape. 
lineshape is 
the first 
the original 
................. > 
................. > \ý 
2) Modulation coils add a 
constant 100 kHz oscillating 
B field of magnitude B,,,,,. 
1) B field swept 
Figure 4-3: Diagram illustrating how modulation and phase sensitive detection produce the 
observed first derivative lineshape from the original EPR lineshape. 
To ensure that samples were positioned in the same position within the cavity 
a twin-axis goniometer was used. The goniometer consists of a Rexalite rod and a 
wheel with a thin piece of cotton wrapped around the wheel twice as shown in Figure 
4-4 [1,6]. The design is such that samples could be rotated through all azimuthal and 
polar angles. The samples were placed inside a hollow Teflon plug insert such that 
they rotate about a point and the position of the sample does not change by changing 
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the polar angle; this also facilitated an accurate comparison with a reference sample. 
The interior diameter of the largest goniometer wheel was 4.0(1) mm, samples larger 
than this were affixed to a more conventional single axis goniometer. For large 
samples that did not fit into any plug they were attached to the goniometer using 
(DOW Coming) vacuum grease. A Teflon pedestal rests against the goniometer to 
help make the system less susceptible to any vibrations. 
Figure 4-4: Photograph showing the end of the twin-axis goniometer and a selection of Teflon 
pluginserts. The interior diameter of the goniometer wheel is -4 mm. 
The samples studied in this thesis are all single crystals containing the PI or 
single substitutional nitrogen defect, N, O [7]. The angular variation, i. e. the magnitude 
of splitting of the absorption lines and their relative intensities, of this defect is known 
and can be simulated using EPR-NMR [7,8]. The majority of the SC-CVD samples 
studied in this work were oriented using the Nso signals in conjunction with a 
technique referred to as adiabatic rapid passage [9]. This was necessary for samples 
0+ that typically contained [N, ] :! ý 100 ppb+ in order to accurately deten-nine the position 
of the resonance lines that were otherwise too weak to observe with the 
spectrometer's interactive mode (a single scan over a narrow magnetic field range). 
The technique uses a rapidly changing field (rapid compared to the relaxation time of 
ý Concentrations are denoted using square brackets i. e. [X] denotes the concentration of defect 'A". 
I ppb = 1.762 x 1014 CM-3. 
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the spins being detected) and relatively high incident microwave power which, under 
the right conditions, can markedly increase the sensitivity. The differences in 
conditions between adiabatic rapid passage and more conventional scanning 
conditions are discussed elsewhere [9,10,11]. The conditions for rapid passage used 
to observe Nso lines in this work were typically: low modulation amplitude (- 0.05 G), 
low attenuation (- 28 - 34 dB) and a phase detection of 90' (relative to the 100 kHz 
reference signal). This technique was not used to make quantitative analysis of data, 
only as a tool to orient a single crystal with respect to the external applied magnetic 
field. This is because the system is not in equilibrium under rapid passage conditions 
and to observe a defect using rapid passage the signal must be at least partially 
saturated. 
4.1.2 Concentration calculations 
The concentration of a known defect is proportional to the integrated intensity 
of the EPR spectrum. The integrated intensity of an EPR spectrum is also 
proportional to a number of experimental parameters [3]. Glover [1] describes that 
for a homogeneously distributed defect, in the absence of power saturation, the 
concentration may be determined by comparison with a reference sample measured at 
the same temperature by 
g2 S [X] 
= 
[REF] IX 
(Pgw)REF 
MREF (Bmod)REF REF 
(S + 1)REF GainREF 
(taq)REF 
NREF 
. 
(4- 1) 
IREF MX (Bmod)X g2 S(S+I)x Gainx 
(taq)x NX 
X 
The subscripts X and REF denote the sample of interest under study and a reference 
sample with known concentration. The g and S(S + 1) factors (g is the electronic g- 
factor and S is the effective spin) are described in Chapter 3: Theory. M is the mass of 
the sample and Ppw is the microwave power *. The source is a 200 mW Gunn diode 
and it has been assumed that the power has not changed over the course of this work 
(no signal degradation has been noted) however this has not been explicitly measured. 
Bm,, d is the amplitude of the modulation field and the Gain is a numerical 
amplification. The acquisition time, taqq was kept constant for all EPR measurements 
made in this thesis. N is the number of scans or accumulations. The spectrum is 
- loglo P., oc attenuation. 
60 
divided into equal intervals or channels, typically there are 4096 channels. Random 
noise will tend to cancel out and the signal in each channel will increase by a factor of 
4 but any signals from absorption should increase by a factor of N [6,12]. 
I is the integrated intensity. Glover [1] detennined this by baselining, then 
direct numerical integration of the raw data. This method becomes unreliable when 
EPR signals from different defects overlap. In this thesis all EPR integrated 
intensities have been determined by fitting simulated lineshapes to the spectra and 
calculating the intensity from the linewidth, amplitude and shape of the line. 
For samples with [N, O] > 10 ppm it is possible to measure the local 
concentration from the derivative peak-to-peak EPR line width [13]. However, the 
large majority of samples investigated in this study (> 95%) had [N, O] < 10 ppm, so 
this relation could not be used. Below this threshold electron- 
13C (13C is 1.1% 
naturally abundant) dipolar interactions dominate (as opposed to electron-electron 
dipolar interactions) the broadening and hence width of the EPR lines. 
4.1.3 Fitting to data 
A resonance in a perfectly homogenous field will produce a Lorentzian 
lineshape [3]. Experimentally however this scenario is unlikely; there may exist 
inhomogeneities in the external magnetic field and the spins may not be distributed 
isotropically. These effects alter the local magnetic field near a spin so the effective 
field seen by the individual spins are a distribution of magnetic fields about the 
"perfect" resonance position. Inhomogenous broadening eventually leads to a 
Gaussian lineshape [3]. In practise neither a perfect Lorentzian nor a perfect Gaussian 
lineshape are typically observed. Is has been suggested that a Tsallis lineshape 
function may be more appropriate to describe EPR lineshapes [14]. The Tsallis 
lineshape function, fq(B) is given by 
fq(B) 1+(2q-1 _I 
-(q'l) 
(4-2) 
where F is the half-width at half-maximum and B, is the centre of the resonant 
lineshape (the maximum). The magnitude of the parameter "q" has important 
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consequences for the lineshape. If q=I then (4-2) describes a Lorentz lineshape and 
as q42, (4-2) describes a Gaussian lineshape [ 14]. 
1 
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Figure 4-5: Figure showing the normalised calculated Tsallis lineshape (as described by equation 
4-2) as a function of field position about a central resonance position, B" = 0. Diagram adapted 
from Howarth el al 1141. 
This has been implemented in a fitting algorithm created and developed by 
Edmonds [15]. The algorithm allows the amplitude, the line width, a small offset to 
the magnetic field and the q to vary in order to minimize the sum of the squares 
between the fit and the data, q may only take values I<q:!! ý 2. The fitting program 
can fit multiple lines, which may or may not overlap, simultaneously. The fitting 
algorithm also accounts for the distortion of the EPR lineshape due to modulation by 
using the pseudomodulation technique [ 16]. 
There are many factors that determine the magnitude of the error in 
determining the integrated intensity [17]. It is estimated from this work that with 
careful acquisition and comparison with a reference sample this method of fitting 
could be as accurate as - 15%. 
The reference sample used in this work was a single sector, type lb, HPHT 
diamond determined via several FTIR measurements to have an [Nso] = 240(10) ppm 
[18]. To test the reproducibility, over 100 spectra from the same reference sample, 
taken in the same X-band spectrometer (and microwave bridge) over a period of two 
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years was compared. Each spectrum was recorded at RT with BII[001] and was 
analysed using the fitting algorithm developed by Edmonds [15]. A distribution of 
normalised integrated intensities was measured and the mean, x, was set to 240 ppm. 
The standard deviation of the data, a, was equal to - 33 ppm, equivalent to - 14% of 
x. A histogram has been constructed to illustrate this distribution, shown in Figure 
4-6. The width of each bar has arbitrarily been chosen to equal U. This distribution 
represents, amongst other things, the differences in alignment, temperature and 
position within the cavity as well as the robustness of the fitting algorithm. 
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Figure 4-6: Histogram showing the reproducibility of fitting to a reference sample. The mean of 
the normalised integrated intensity is set to the concentration of N, O centres (240 ppm). The 
width of each bar has been chosen to equal the standard deviation, a, of the data set. The curve 
is a Gaussian lineshape. 
The concentrations of several paramagnetic defects are measured from the 
intensity of the so-called forbidden, Ams =±2, half-field transitions (see Chapter 3: 
Theory). In this work the following defects measured in this way were: the negative 
nitrogen-vacancy, NV_ and the KCLI defects. The ratio of the intensity of the 
forbidden to the allowed transitions is a constant, and so long as the EPR integrated 
intensity of the half-field transitions can be accurately determined then the total EPR 
integrated intensity can be inferred. The primary advantage of measuring the half- 
field transitions is that experimentally they do not split upon rotation of the magnetic 
field as rapidly as the allowed transitions, making alignment of the magnetic field 
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more forgiving. Observation of half-field signals necessitates the use of higher 
microwave powers where the phenomenon of power saturation is more likely. 
For samples where a signal can still not be seen, despite adequate signal 
averaging, an upper limit of [NV-] (and/or [KCLI]) was determined by fitting a 
simulation using the algorithm developed by Edmonds [15], with amplitude equal to 
the noise. 
4.1.4 Power saturation 
If the microwave power applied at resonance is sufficiently high to cause 
transitions at a greater rate than the spin-lattice relaxation rate (1/-cl) then the 
microwaves are said to be saturating the signal [9]. 
Careful consideration must be given to the microwave power saturation effects 
observed when using EPR to measure the concentration of NV- [1]. The saturation 
effects could be described by using the following equation, 
aXw- 
p 1+ pw 2 
,8 
where a and 8 are constants to be determined [1] 
(4-3) 
The denominator describes the 
saturation effect and the numerator describes the signal in the absence of microwave 
power saturation. For NV- it is necessary to measure the forbidden half-field 
transitions since the allowed transitions are saturated even at the highest levels of 
attenuation possible in this work (60 dB). 
Figure 4-7 shows experimental data taken during a microwave field sweep of a 
diamond with 14 NV-. The microwave power steps in 6 dB increments, which in the 
absence of power saturation should lead to the EPR signal doubling in intensity at 
each step; this is not observed. The highest S/N ratio is achieved between 46 and 
40 dB, after which the lines broaden as predicted by the Bloch equations [3,10]. 
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Figure 4-7: Microwave power sweep data for the 14 NV- forbidden transitions in SC-CVD 
diamond that contained 12(2) ppb of NV-. Each X-band EPR spectra is 600 accumulations, 
recorded at RT with B111001 I using a constant field modulation of 0.5 G (I G=1 0-4 T). These 
data show that the signal is saturating as increasing the microwave power (decreasing 
attenuation) does not continually increase the EPR signal. 
The EPR integrated intensities of the data in Figure 4-7 were plotted against 
P,,,,, as described in (4-3) and a least squares fit performed to determine the values of a 
and 8, the plot is shown in Figure 4-8 below. There is a regime whereby the signal 
has not completely saturated (attenuation > 48 dB). 
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Figure 4-8: Room temperature saturation curve for the 14 NV- half-field transitions in a sample 
that contained 12(2) ppb of NV-. The red dashed line is a least squares fit to the data as modelled 
by (4-3). The solid blue line predicts the integrated intensity in the absence of microwave power 
saturation. 
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For a known microwave power (all experimental concentration measurenients 
presented here were carried out with an attenuation of 34 dB) a multiplication 
constant can be determined that can scale experimental intensities to the intensity that 
would have been observed in the absence of saturation. In the case of 34 dB this 
scaling constant is 8(l). In the absence of power saturation the ratio between the 
allowed and forbidden intensities is a constant and so, if the predicted unsaturated 
half-field intensity can be inferred, so too can the total intensity. At an attenuation 
level of 30 dB the scaling constant in this work was measured to be 13(l), which 
agrees with the value determined by Glover [1] of 12(l) in a sample that contained 
245 (4 1) ppb of NV-. 
It has been assumed that the saturation behaviour is independent of the 
concentration of defects; this is not necessarily true. It might be expected that 
samples with low paramagnetic defect concentrations are more susceptible to 
saturation than samples with high paramagnetic defect concentrations where there 
exist more spins to flip and the spin-lattice relaxation rates might be faster since there 
are more relaxation pathways. The results presented here suggest that there is no 
appreciable difference in the multiplication/correction factor between the two samples 
studied despite a factor of - 20 in the concentration of NV- centres. Within the limits 
of experimental error the samples had the same concentrations of N, O and negative 
nitrogen-vacancy-hydrogen (NVH-) defects. Since the concentration of NV- was very 
much less than the concentration of both N, O and NVH_, the total paramagnetic spin 
concentration was effectively the same in both samples. 
The particular experimental parameters used in this thesis to measure the 
forbidden half-field signals are now discussed. The KCLI signal, suggested to be a 
vacancy-hydrogen complex, VH-, is also observed within the spectral vicinity (within 
50 G) of the NV_ signal [19]. The KCLI signal is not observed to saturate at 
attenuations down to 16 dB i. e. the integrated intensity of the KCLI signal at 16 dB is 
twice that at 22 dB within the limits of uncertainty. At 40 - 46 dB the S/N ratio for 
the KCLI defect is typically poor. Signal averaging is not always a practical method 
as during long periods in the laboratory (> 24 hours) atmospheric conditions (most 
notably temperature) can change considerably. It is therefore better practice to take 
two 24 hour spectra and sum them (accounting for any microwave field drift) than to 
take a single 48 hour spectrum. It is desirable to measure both NV_ and KCLI 
simultaneously; in order to observe the KCLI signal the strength of the NV- signal is 
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sacrificed. A compromise between the strength of the NV- and KCLI signals is 
achieved at 34 dB where both signals are observable and microwave power saturation 
effects for NV- can be compensated for. 
It was observed in this work that isotopic substitution can affect the saturation 
behaviour of defects. A good example is the substitution of 
14 N with 
15 N and the 
saturation behaviour of the NV- signal. When the "NV- signal was not in a regime of 
microwave power saturation (- 58 dB) experimental observations match theoretical 
simulations; two lines. However, it was noted that at higher microwave powers the 
half-field EPR spectrum for the 15 NV- defect deviated from the expected simulation, 
with a third line that increased in intensity as the incident microwave power increased, 
appearing in the average magnetic field position of the two outer lines, shown in 
Figure 4-9 a) below. 
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Figure 4-9: Plot showing a) the experimental half-field 15 NV- signal taken with modulation 
amplitude of 0.5 G and an attenuation of 34 dB. This is in the regime of microwave power 
saturation. Plot b) shows the new simulations that take into account the forbidden electron- 
nuclear-spin flip transition in the unsaturated (simulated at 58 dB) and saturated regime 
(simulated at 34 dB). Simulations have been plotted using the Bloch equations assuming a spin- 
spin relaxation rate of I ýis and a spin-lattice relaxation rate of 1.5 ms. It has been assumed that 
there is a factor of 5 difference in the effective spin-lattice relaxation rates between the forbidden 
double-electron-spin-flips and the forbidden double-electron-nuclear-spin-flips (see text). 
As this line increased the two expected lines decreased in intensity due to 
microwave power saturation. Data from Glover [1], who used a direct integration 
method of determining the integrated intensity, suggest that the total intensity of the 
half field 15 NV- transition over this region remains the same as power is increased in 
the regime of microwave power saturation. Simulation of the 
15 NV- defect with the 
EPR-NMR code predicts two forbidden double-electron-nuclear-spin-flip transitions 
in the observed position of this "3 rd line"; simulations at 9.75 GHz predict the two 
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lines are separated by - 0.2 G, the experimental Bmod used was 0.5 G therefore these 
two lines would not be resolved. In an unsaturated regime the intensity in these two 
lines is negligible. A model based on the Bloch equations, whereby the electron- 
nuclear-spin-flips (Ams =±2, Am, =± 1) have a different effective spin-lattice 
relaxation rate than the e lectron-double- spin- flips (Ams =±2, Am, = 0), explains the 
observed increase in the intensity of the "3 rd line". Figure 4-9 b) shows the predicted 
simulations assuming there is a difference in the effective spin-lattice relaxation rates 
by a factor of 5. Note also that the electron-double-spin-flip transitions have 
broadened (as predicted by the Bloch equations) more than the double-electron- 
nuclear- spin-flip transitions and that the total integrated intensity of the forbidden 
lines is still predicted by (4-3) (the two transitions compete for the same intensity). 
This analysis illustrates that the correct saturated lineshape can be explained and 
potentially fitted; all the intensity must be accounted for to determine an accurate 
concentration. 
4.1.5 Sensitivity and detection limits 
The minimum number of detectable spins, N,, i,, is dependent upon the 
instrumental parameters (e. g. frequency), the spin system's environment (e. g. 
temperature) and the characteristics of the spectral feature (e. g. linewidth) [4]. As it is 
the integrated intensity of the line that is proportional to the number of spins it is 
evident that EPR transitions with narrow lineshapes will result in a larger S/N ratio 
(and hence sensitivity) than broader lineshapes; N,, i, is therefore typically stated in 
units of Spins per Gauss. In the absence of microwave power saturation 
Nmin 
K (, ) Vs 
2j- 
pw Qut7(t)O w 
(4-4) 
where Q,, is the unloaded Q-factor of the resonant cavity of frequency wo 
[4]. V, is the 
sample volume and q is the filling factor, proportional4' to the ratio of the sample 
volume to the cavity volume, V, [3, 4]. K,,, is a constant that takes 
into account all 
terms that are independent of the frequency. For a constant incident microwave 
power, assuming q is a constant it can be shown that (Poole [4]) 
4' For a small single crystal it is assumed q oc V, / V, [4]. 
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Vc 3/2 
. t) s-0 
(4-5) 
For a paramagnetic defect that is homogeneously distributed, N,, i, IV, is the 
concentration. Bruker state that the EMX series of spectrometers, with a SHQ cavity, 
have a SN ratio ý! 15 00: 1, corresponding to a sensitivity of 0.8 x 10 10 Spins per Gauss 
at RT, with a Biruker weak-pitch sample [20]. Using this figure, a defect with an 
intrinsic linewidth of 0.1 G in a typical SC-CVD sample studied in this work of 
sample volume - 12 mrn 3 (equivalent to - 42 mg or 0.21 carats) it is inferred that it 
should be possible to detect as few as 0.5 ppt (parts per trillion) defect spins [20]. 
This measurement was taken with a microwave power of I mW with a 200 mW 
source (- 23 dB attenuation). For highest sensitivity it is important not to saturate the 
defect or broaden the lineshapeo; for the N, O defect an attenuation of 56 dB was 
typically used. This is a difference in integrated intensity by a factor of - 100 as 
predicted by (4-1) which suggests that theoretically the detection limit for the N, O 
defect could be - 0.05 ppb (parts per billion). This is in close agreement with an 
estimate of 1011 Spins [3]. It has been assumed however that the filling factor is the 
same for both the weak-pitch sample and for a typical SC-CVD diamond, in practice 
the filling factor for a typical SC-CVD sample is lower, estimated as a factor - 10 - 
20. Table 4-1 lists the experimentally determined detection limits for the 
paramagnetic defects studied extensively in this thesis, assuming measurements at RT 
in the absence of optical excitation, with typical sample size and experimental 
parameters used to observe the defects. The table also takes into account the reduced 
sensitivity due to saturation effects. 
Defect model Label and reference N. i,, (ppb) 
N, 0 P1 [7] -1.0 
NVH- KCL2 [1,2 1 -1.0 
NV- W15 [22] -1.0 
VH- or V2H- KCL I[ 19,23,24,25] - 0.1 
Table 4-1: Experimentally determined detection limits for the paramagnetic defects studied 
extensively in this thesis at RT in the absence of optical excitation. The disparity between the 
theoretical detection limits (see text) and those experimentally determined are due in part to the 
effects of power saturation and the subsequent limits on the experimental parameters. 
4 The book by Weil et al [3] discusses the different broadening mechanisms for EPR lineshapes. 
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4.2 Optical Measurements 
This section shall provide a brief overview into the operation of the optical 
spectrometers used in this work and the analysis of spectra with respect to making 
quantitative measurements. 
4.2.1 FTIR 
Fourier Transform Infra-red (FTIR) absorption measurements were taken 
using a Perkin-Elmer Spectrum-GX FTIR spectrometer [26]. 
The basic operation of a FTIR spectrometer is very similar to a Michaelson 
interferometer as shown in Figure 4-10. The light is split by the beam-splitter onto 
two mirrors. One is fixed and the other sweeps a distance d, The Spectrum-GX 
spectrometer can scan whilst the mirror sweeps in both directions. The two beams are 
reflected by the mirrors back to the beam-splitter where they recombine and are 
directed towards an aperture and the sample. An interferograrn is measured at the 
detector as a function of the path difference which is digitised before Fourier 
transformation. 
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Figure 4-10: Block diagram showing the components and basic operation of an interferometer. 
The components are: a) light source, b) beam splitter, c) fixed mirror, 
d) travelling mirror, e) 
aperture and sample position and f) detector. 
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A HeNe laser is used as an internal reference on each scan, the xNavenumber 
calibration is therefore more accurate and stable than a dispersive instrument. 
An interferometer has a number of advantages over a more conventional 
dispersive spectrometer [26,27]: in a dispersive spectrometer the wavelengths are 
measured successively as only a narrow band of radiation, which the orientation of the 
prism and grating allows to falls on the detector. In an FTIR spectrometer all 
wavelengths are measured simultaneously, this is referred to as the Felgett or 
"multiplex" advantage [27]. The throughput in a dispersive spectrometer is typically 
hindered by the narrow entrance slits but the Spectrum-GX does not need slits to limit 
the amount of light, this is referred to as the Jacquinot or "throughput" advantage. 
These two advantages mean that spectra can be obtained more rapidly and with a 
greater SN ratio than in a more conventional dispersive spectrometer. The 
spectrometer was used to investigate the Mid-IR (MIR) or Near-IR (NIR) regions of 
the spectrum. Table 4-2 details the specific ranges and components used to 
investigate these regions. FTIR spectra in this thesis were always ratioed to a 
background spectrum; a scan taken under the same conditions but without a sample. 
The resultant spectrum is just that of the sample as all common factors are cancelled 
out. The "Strong" apodization function was used for measurements in this thesis [26]. 
Range Light source Detector Beam Splitter Polariser' 
MIR 300 - 3700 cm-1 Glow Bar DTGSý Optimised KBr P03 
NIR 3000 - 1500 cm-1 Halogen Lamp DTGS Quartz T47-327 
Table 4-2: Table listing the different ranges and components used in the Perkin-Elmer FTIR 
spectrum-GX spectrometer to investigate the MIR and NIR ranges. t Deuterated TriGlycine 
Sulphate. TA polariser was only utilised in conjunction with uniaxial-stress. 
For experiments where a polariser was necessary (such as when used in 
con . unction with uniaxial-stress) the polariser was placed in the beam path, before j 
the sample, with the polarisation either parallel or perpendicular to the direction of 
uniaxial stress. In the MIR region an InfraSpecs P03 polariser was used; a substrate 
free, free-standing gold wire-grid that was suitable for use in the MIR through to Far- 
IR region (40 - 5000 cm-1) [28]. In the NIR region an Edmond Optics 
T47-327 
polariser was used; constructed from stretched silver nano-particles in a soda-lime 
t In this thesis the term "uniaxial-stress" means uniaxial stress used in conjunction with FTIR optical 
absorption. 
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glass which is then laminated on a soda-lime substrate, suitable for use in the NIR 
region (5900 - 15400 cm-1) [29]. 
4.2.1.1 Description of beam condenser 
Whenever necessary a Perkin-Elmer beam condenser was used. The only 
time this was not possible was when low temperature uniaxial-stress measurements 
were being performed. The beam condenser fits in a sample compartment and the 
uniaxial-stress cell and cryostat was also designed to fit in the sample compartment; it 
was not possible to use the uniaxial-stress cryostat and the beam condenser 
simultaneously. The beam condenser is shown in Figure 4-11. It consists of two 
plane mirrors and two parabolic mirrors which focus the beam through the aperture 
and then focus the light onto the detector. Without the beam condenser it was 
measured that a beam with a diameter of 6.0(2) mm (at the sample position) had a 
diameter or 1.5(2) mm with the beam condenser. 
-11-1 
Figure 4-11: Photograph of the Perkin-Elmer beam condenser. The sample 
is placed on the 
circular bronze aperture. A selection of apertures were made to ensure 
that the largest surface 
area was exposed without any light "leaking" through. 
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4.2.1.2 Description of spectral analysis 
For a quantitative measurement of the concentration of optically active centres 
it is necessary to measure the absorption coefficient [30]. Absorption at energy E is 
defined by the absorption coefficient u(E). The absorption coefficient is proportional 
to the square of the effective electric-dipole moment, Ipl' [3 1 ]. 
The absorption coefficient is important because, if correctly defined it is 
proportional to the number of absorbing centres in a medium (i. e. M or- pAýE)) [30]. 
This assumes that the centres are distributed homogeneously along the path of the 
beam. The absorption coefficient also provides the link between experiment and 
theory. 
d 
Figure 4-12: A diagram showing a beam of light with initial intensity Io passing through a 
material of thickness, d, emerging with intensity Id. The attenuation of the beam due to 
absorption is described by I(d) detailed in the text and in (4-6). Note that 10 and Id are both 
functions of the energy of the beam. 
Consider the intensity of a beam of light passing through a medium of 
thickness d. If lo (= Io(E)) and Id (= Id(E)) are the intensity of the beam, at a given 
energy E, before and after passing through the medium respectively, then assuming 
there are no reflections the absorption coefficient is defined by [30]: 
I(d) =Id = 10 exp[- du(E)] or u(E) =I In 
10 
(4-6) 
d Id 
To determine the total absorption produced by a defect is not simple; there 
may be many vibronic bands which are difficult to unambiguously define. For a 
known line shape the height of a particular feature, such as the zero-phonon-line 
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(ZPL) is a more reproducible means of determining a concentration [30]. The ZPL is 
usually a more readily identifiable feature and was used to determine concentrations 
when looking at the neutral and negative vacancies in diamond [6]. In this thesis a 
similar approach is used when assigning an unknown peak with a quantitative value. 
The peak is labelled according to the position of the maxima with absorption, A, 
determined by: 
A- fu(E)dE. 
ZPL 
(4-7) 
For IR measurements the data was baselined and normalised such that 
absorption at 2000 cm- I gives an absorption coefficient of 12.3 cm-1 [32]. This 
"internal calibration" is done instead of measuring the sample thickness as it 
eliminates error in thickness measurements and takes into account any multiple 
reflections from the diamond sample. 
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Figure 4-13: Example of baselining and fitting to NIR data. In this example multiple peaks 
overlap and so are baselined and fitted simultaneously. 
Each peak is baselined before integration. An example of this is shown in 
Figure 4-13. The baseline applied is a smooth curve. Data were baselined and 
normalised multiple times and the individual peaks were likewise baselined and fitted 
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several times in order to test the reproducibility and improve the accuracy of any 
results. The analysis of the absorption lines was conducted post-experiment, With 
peaks fitted using Lorentzian lineshapes with Microcal Origin v. 7.5. When 
determining a concentration it is assumed that the number of absorbing centres that 
give rise to the absorption peak are directly proportional to A (i. e. [, Y] cc A). It is 
sometimes assumed in the literature that the width of an absorption line is not affected 
by the concentration of centres; therefore the constant of proportionality relating 
absorption to concentration is often given in terms of ppm per cm-1 of absorption at a 
given energy, typically at the maxima of the peak [30,33]. 
Strictly, equation (4-6) is an estimate as it fails to account for multiple 
reflections [30,34]. For diamond, the approximation (4-6) introduces at most, a 6% 
error [34]. There are other sources of error in measuring an absorption coefficient and 
it has been shown that careful consideration must be given to the baseline [34]. It is 
estimated that with careful fitting the uncertainty in measuring an absorption 
coefficient in this work is - 10 - 20%. This is similar to the uncertainty in absorption 
coefficients presented in the literature [33]. 
In this thesis the samples that could be studied via optical absorption 
techniques was limited by the cut and polish of the samples; only those samples that 
had two parallel faces were studied. Where absorption measurements are presented it 
has been assumed that the absorbing centres are homogenously distributed. 
4.2.2 UV-Visible optical absorption and photoluminescence 
4.2.2.1 UV-Vis measurements 
UV-Vis optical absorption measurements were performed at the DTC research 
centre in Maidenhead, UK. All UV-Vis measurements taken as part of the work 
presented in this thesis were made at 77 K using a commercial Perkin-Elmer Lambda 
19 spectrophotometer. Spectra were recorded between 200 and 900 nm with a 
0.20 nm interval. The data were converted from units of absorbance to absorption 
coefficient before the ZPL lines originating from NV centres were baselined and 
integrated. The NV- defect is identified in optical absorption spectroscopy by a ZPL 
at 1.945 eV (637 nm) [33,35]. In this work the 1.945 eV ZPL was fit to a Gaussian 
curve to determine an integrated intensity with photon energy in meV and the 
absorption coefficient in cm- . 
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4.2.2.2 PL measurements 
Photo luminescence (PL) studies were conducted using a commercial 
Renishaw Raman In-via microscope system with a slit width typically - 100 - 
200 [tm. An argon ion (514.5 nm) laser excitation was used at incident powers 
between 25 [tW to 0.5 mW. 
Measurements were made at temperatures down to 4K in an Oxford 
Instruments LHe (continuous flow) microstat, used for all PL and Raman 
measurements. The temperature is measured using a Rd-Fe thermocouple and 
controlled using an Oxford Instruments Intelligent Temperature Controller 4 (ITC-4). 
Samples are mounted on a copper sample holder using siver-dag; this holder is then 
screwed onto a larger copper block. For measurements made at < 10 K it was 
necessary to use a stainless-steel heat-shield to reflect radiation. The microstat was 
always evacuated (- 10-4 _ 10-5 Torr) before cooling. 
Figure 4-14: Photograph of the Oxford Instruments continuous flow LHe Microstat. 
Quantitative measurements using PL are often regarded as tentative [30]. In 
this study the strength of the 637 nm ZPL was fit to a Gaussian curve to determine an 
integrated intensity and then normalised with respect to the strength of the Raman 
signal. Typically four measurements were taken on different spots on the sample and 
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the average result reported. The Raman signal from a sample varies linearly with 
laser power in the range investigated, as shown in Figure 4-15 and is therefore used as 
an internal calibrator; by normalising to the intensity of the Raman signal the intensity 
of the 637 nm ZPL was independent of laser power. 
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Figure 4-15: Plot showing the dependence of the integrated intensity of the Raman line (shown in 
closed squares) with incident laser power and the ratio between integrated intensities of the 
637 nm ZPL peak and the Raman line (shown by open circles). Measurements were taken using 
514.5 nm excitation, with x5 objective, at a temperature of 4 K. The solid red line shows that 
there is a linear relationship between the intensity of the Raman signal and laser power and the 
dotted black line shows that the ratio is independent of laser power, over the power range 
investigated 
4.2.3 Uniaxial-stress 
4.2.3.1 Description of stress cell 
Uniaxial stress measurements were performed using a custom built pressure 
cell. The uniaxial stress cell, photographed in Figure 4-16 is similar in design to that 
used by Smith [36]. 
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Figure 4-16: Photograph of the uniaxial-stress cell. The circled areas show the components of 
the stress cell as the cell is assembled with the sample end shown at the bottom and the 
pressure/piston end at the top. 
The components labelled A-I are: 
A. Large screw cap. This pushes against component B and ensures a seal is 
maintained. A specially designed "C-shaped" spanner is used to make sure 
the screw cap is tightly fitted. 
B. Seal and inlet plate. A plate with a quick release Swagelok inlet valve also has 
a rubber O-ring which when pushed against component D makes a seal. 
C. Brass adjuster/stop. This adjusts the position of the ram in the absence of any 
pressure. The adjuster has two holes to allow gas to reach the ram. 
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D. The main body of the cell is a thick stainless steel cylinder with a piston and 
ram. As the energy of the pressurised gas is stored here the walls are 0.5 cm 
thick. The piston has a surface area of 0.0038(l) M2. 
E. Push rod. Both the push rod and the outer sleeve have small holes in them in 
case the cell fails and pressure needs to be vented. 
F. Stainless steel slug which connects the push rod to an anvil. 
G. Anvil, which screws into the stainless steel slug. The surface of the anvil is 
typically covered in a thin aluminium foil gasket to take up any 
inconsistencies in the surfaces. 
H. The second anvil. 
1. Screw cap which holds the anvils and sample inside the cell. 
J. The outer sleeve also has windows which allow a light beam to pass through 
the sample. 
The cell consists of a hydraulic piston and ram, using pressurised nitrogen gas 
which is measured using a 10", S. M. Gauge Company pressure gauge as shown in 
Figure 4-17. The gauge was calibrated by S. M. Gauge Company to be accurate to 
within 1% in the range 0- 350 PSI, as measured at RT [37]. The light beam is 
polarised (either horizontally or vertically with respect to the applied stress) using an 
appropriate polariser (either MIR or NIR polariser) before the light enters the pressure 
cell and hence the sample. The force and hence stress applied to the sample is 
deduced from the applied pressure and the ratio of the face of the hydraulic piston to 
the sample area. The anvils are chosen such that the face on the anvil is greater than 
the area of the face on the sample. Thin aluminium foil gaskets were stuck to the 
surface of each anvil to take up any surface imperfections or inconsistencies. Before 
being positioned into the cell the samples have aluminium wings attached such that no 
light can leak past the sample (i. e. all light collected would have passed through the 
sample). The maximum stress that could be achieved was limited to - 3.0 GPa. 
Above this stress the chances of cleaving and subsequently crushing the samples was 
deemed an inappropriate risk as the same sample might have had to be used for up to 
three different stress directions. 
When measurements were taken at temperatures lower than room temperature the 
pressure cell was used in conjunction with a cryostat. The temperature calibration is 
detailed in § 4.2.3.2. The cryostat was not used for room temperature measurements 
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as the quartz (Spectrosil B) windows reduced the throughput of the signal. The 
cryostat was not suitable for the study of MIR lines because the Spectrosil B windows 
are strongly absorbing below - 2000 cm-1. 
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Figure 4-17: A diagram showing the optical absorption / uniaxial-stress cell experimental setup. 
4.2.3.2 Temperature calibration 
There was some concern when using the uniaxial-stress cell at low 
temperatures as the thermocouple was not measuring the true temperature of the 
sample. To determine the temperature when using the uniaxial-stress cell a calibrated 
Lakeshore diode was used in conjunction with a Keithley 2400-model source meter 
[38]. The uncertainty of the temperature measurement made with the Lakeshore 
diode has been calibrated to within 0.05% in the temperature range between 4K and 
100 K [38]. A sample holder was made using the same materials as the stress cell to 
position the diode in the same position as a sample would be. This was connected to 
the source meter using a four contact method. The temperature range used, as 
measured by an Oxford Instruments ITC-4 was then compared to the voltage from the 
diode to determine the actual temperature as shown in Figure 4-18. This was used to 
determine the temperature discrepancy between the temperature at the thermocouple 
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and at the sample position. The discrepancy most likely originates from the 
difference in position between the thermocouple and the diode. Since the diode is 
positioned where the sample would be this is the temperature that will be used in this 
thesis. 
a) 
5 
1) 
0 
> 
"0 
0 
a 
b) 
2 
(L) 
Cý 
'0 
Figure 4-18: Plots showing: a) the Calibration curve for the Lakeshore diode 1381 used for 
temperature measurements with the uniaxial-stress cell and b) the discrepancy between the 
temperature as measured by the ITC-4 and the temperature at the diode/sample position. The 
red line is a linear fit to the data with a gradient of 0.84(4) and an intercept on the y-axis of 
19(l) K. 
4.2.3.3 Uniaxial-stress samples 
The two nitrogen doped SC-CVD samples used for uniaxial-stress 
measurements were oriented at the DTC research centre, Maidenhead using a 
combination of observation of final growth morphology and X-ray techniques. The 
samples were cut and polished by Mr. Chris Kelly at the DTC research centre, 
Maidenhead. 
One sample was prepared such that stress could be applied along the <001>, 
<110> and <1 10> directions. The accuracy of the directions is estimated as< 0.5,0.5 
and 1.0' off respectively. The second sample was oriented such that stress could be 
applied along the <1 I 1>, <1 I O> and <1 12 > with misorientations of 2.0,0.5 and 1.0' 
respectively. 
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Figure 4-19: Diagram showing the dimensions and orientations of two N-doped SC-CVD 
diamonds cut and polished for uniaxial-stress measurements. The four diagrams correspond to 
the four directions used to examine the stress shifting/splitting of absorbance lines. The red dots 
indicate the light beam entering (solid) and leaving (hollow) each face. 
Two natural type I diamonds were prepared for umaxial-stress in the same 
manner as the SC-CVD samples. One sample was prepared such that stress could be 
applied along the <001>, <110> and <1 10> directions. The accuracy of the directions 
is estimated as 0.5,, 0.5 and < 0.5' respectively. The second sample was oriented such 
that stress could be applied along the <I I I>, <I I 0> and <I 12 > with misorientations 
of 0.5,0.5 and 1.0' respectively. 
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Figure 4-20: Diagram showing the dimensions and orientations of two type-lb natural diamonds 
cut and polished for uniaxial-stress measurements. The four diagrams correspond to the four 
directions used to examine the stress shifting/splitting of absorbance lines. The red dots indicate 
the light beam entering (solid) and leaving (hollow) each face. 
4.3 Annealing 
4.3.1 Description of furnace 
With the exception of one anneal performed at the DTC Research Centre, 
Maidenhead, all annealing was performed at the University of Warwick using a 
Lenton Thermal Designs horizontal tube furnace. A schematic of the tube furnace is 
shown in Figure 4-21. The furnace consists of a re-crystallised alumina tube around 
which two heating elements provide the heat. Alumina insulation at either end of the 
furnace helps to contain the heat. The hot zone of the furnace is in the centre of the 
tube and is approximately 5 cm long. The temperature across this range does not 
change appreciably (i. e. within limits of uncertainty it does not change) and it is larger 
than the ceramic boats in which the samples are loaded into. The two ends of the tube 
are sealed and a flow of forming gas is passed through to ensure no oxygen is in the 
tube. The flow of the gas was monitored by a bubbler. The furnace's maximum 
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temperature is - 1700'C. No external light can enter the furnace as it is sealed 
anneals were all performed at ambient pressure. 
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Figure 4-21: Diagram of the Lenton Thermal Designs Ltd. horizontal tube furnace. The tube is 
heated by 4 Kanthal Super molybdenum disilicide elements controlled by an Eurotherm 818 in 
conjunction with two Internal B-type thermocouples which are all positioned around the alumina 
tube. A separate K-type thermocouple was positioned inside the furnace just above the sample 
position. 
4.3.2 Temperature calibration 
The temperature is measured and controlled via two B-type thermocouples and 
a Eurotherm temperature control ler/pro grammer. An external K-type thermocouple 
was inserted into the tube such that the tip hovered just above (0.5 - 1.0 cm) above the 
samples in the furnace "hot-zone". It was noted that there was a disparity between the 
temperature measured by this thermocouple and the temperature the furnace was set 
to (typically -+ 70 'Q. The disparity was measured as a function of temperature 
over all temperatures that were likely to be used for the annealing experiments, both 
whilst ramping up from 900'C to 1600'C in I OO'C increments and then ramping down 
in 100'C increments. The temperature was allowed to stabilise for at least 8 hours 
before the measurement recorded. The average temperature at each increment was 
then plotted against the temperature the furnace was set to. The results are shown in 
Figure 4-22. The errors show the maximum difference between the temperature 
recorded (by the K-type thermocouple) whilst ramping up compared to that ramping 
down (± YQ. 
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Figure 4-22: Plot showing the discrepancy in temperature as measured by the furnace, TFand a thermocouple positioned next to the sample, TTc. The average discrepancy is 74'C. 
Whether measured by the intemal or "extemal" thermocouple however, the 
results show that within experimental error, an increase of IOOT will be measured by 
both if the temperature is set to ramp up by + 100T. For this thesis the temperatures 
written in the text will be those as measured by the "external" K-type thermocouple. 
4.3.3 Description of annealing procedure 
The annealing experiments performed as part of this thesis fall into two 
categories: isochronal and isothennal. This section will give a brief description of the 
annealing procedure. The temperature and duration of anneals are detailed in the 
relevant experimental results chapters. 
Anneals were performed in the tube furnace at ambient pressure at 
temperatures between 900 - 1600'C. At these temperatures the diamond surface can 
oxidise. To avoid surface graphitisation of the samples a continuous flow of forming 
gas was passed through the tube furnace to ensure there was no oxygen present. As a 
further precaution the samples were covered by sacrificial diamond grit. The samples 
were loaded into a ceramic boat that was slowly inserted into the middle of the tube to 
avoid thermally shocking the tube. The samples were pushed the same distance into 
the tube furnace for each anneal by marking the length on the push rod. The furnace 
was at the annealing temperature before insertion of samples, the furnace is not 
ramped to temperature whilst samples are in-situ. For temperatures > 1400'C the gas 
flow was increased during insertion and then reduced once the tube was sealed. Note 
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that 16000C is the limit for annealing at ambient pressure, at higher temperatures the 
samples would graphitise without a stabilising pressure [39]. After anneals at 1500 
and 1600'C it was noticed that despite best efforts the samples had started to 
graphitise, particularly at the comers. The samples were re-polished at the DTC 
Research Centre, Maidenhead, before being characterised by optical spectroscopy. 
When the tube furnace was opened to allow the samples and boat to be 
inserted the temperature dropped slightly (typically by -5-I OOC), it took a few 
minutes (typically -2-3 mins) for the temperature to rise back to the desired level 
after the furnace was re-sealed. A derivation by Campbell [40] assesses the 
contribution to the annealing process during this warming up (or down) period by 
considering the number of jumps a defect could make at temperature, NT, and the 
number of jumps a defect could make whilst warming to the desired temperature, N,: 
f2 
NT= f Kdt, (4-8) 
tj 
NW = 
T2 
K 
dT -' 
dT. (4-9) 
T, dt 
Here T, and T2 are the initial and final temperatures respectively and dTIdt , 
the rate at which the furnace warms, is assumed to be a constant. The time the sample 
spends annealing at temperature T2 is t2 - tj . The rate constant 
K was defined in 
Chapter 3: Theory. The contribution will be greatest whent2 - tl is a minimum. It 
was estimated using (4-8) and (4-9) that for the shortest annealing times (- 20 mins) 
the contribution to annealing was < 10 - 15%. 
A single set of isochronal anneals were performed at 11 OOT at the Diamond 
Trading Company (DTC) Research Centre Maidenhead under similar conditions. 
After each anneal the samples were cleaned first in hot (- 250T) sulphuric 
acid mixed with potassium nitrate 
(H2SO4+ KN03) for between 30 - 60 minutes and 
then in H2SO4 to remove any salts that may have fon-ned on the surface. The samples 
were then rinsed in doubly de-ionised water before being measured by FTIR and 
EPR 
spectroscopy at room temperature. If necessary the samples were re-polished 
by the 
DTC research centre, Maidenhead. 
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Chapter 5 
5 Quantitative measurements of point defects 
in single crystal CVD diamond 
5.1 Background and motivation for study 
Historically diamond is classified in terms of its nitrogen content; diamonds 
that have a large nitrogen concentration should be classified as type I and those with 
very low nitrogen concentrations should be classified as type 11 [1]. The division 
between type I and type 11 is not clear in the literature but it is suggested that below 
concentrations of between I and 2 ppm. of each of the A, B or C forms of nitrogen, the 
optical signatures become too weak to detect with conventional IR instruments (the 
definition of type 11 material) [2]. Most single-crystal CVD (SC-CVD) diamonds are 
classified as type 11. A review by Collins [3] discusses the different divisions and 
sub-divisions of the defect classification of diamond. This convention may not be that 
useful for SC-CVD diamond as it does not distinguish between diamonds deliberately 
doped with nitrogen and those in which exhaustive efforts have been taken to exclude 
nitrogen [4]. 
Deliberately adding nitrogen to the CVD source gas can enhance the growth 
rate of diamond, particularly in a plasma assisted environment. There are a range of 
reported enhancements and dependencies in the literature, in particular for 
polycrystalline-CVD diamond (which contains a mixture of ý1001 and flllj 
surfaces) [5,6,7]. The highest growth rate of SC-CVD diamond reported so far of 
150 ýtm h-1, was achieved by the Carnegie group using CH4 and N2 rich growth 
environment (CH4/H2 =12 - 20%, N2/CH4= 5%) [8,9]. 
Recent growth studies of SC-CVD on a 11001 surface compared the N2 
content in the gas phase with the neutral single substitutional nitrogen concentration, 
[N, O], as measured by EPR, in as-grown diamond; a linear dependence described by 
the doping efficiencyt/incorporation probability was shown, which was determined to 
be - 10-' [10,11]. 
t Tallaire et al [10] define the doping efficiency as D, = [N, 
O]/[N/C]. The results reported in this paper 
were for N2additions in the gas phase :! ý 10 ppm. 
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The incorporation of nitrogen+ during MP-CVD growth (under similar groxNlh 
conditions to the Paris group [10,1 fl) in different crystallographic directions was 
investigated; it was found that nitrogen was incorporated approximately three times 
more readily on a fl1lj surface than a {1001 [12,13]. Similar incorporation 
probabilities have been calculated by workers who also used a MP-CVD reactor at 
similar temperatures and pressures [5,6]. 
It has been reported that nitrogen appeared to have a catalytic effect on the 
formation of I 100 1 surfaces and since the incorporation of nitrogen was growth sector 
dependent it seemed reasonable to expect that nitrogen affects the growth of rates of 
f 100 1 and tIIII surfaces differently as well [ 14]. If there is a preferential change in 
the growth rate in one direction over another then this will result in a change of the (X- 
parameterý [15,16]. Changes in the growth habit of CVD diamond as nitrogen is 
added to the gas phase have been reported by other authors [5]. 
Simulations suggest that the II 10 1 and ýIIII surfaces grow faster than the 
ý 100 1 surface due to an etching mechanism that acts in competition with nucleation 
on a ý1001 surface; perhaps the addition of nitrogen acts to suppress this etching 
mechanism [17,18]? The rate limiting step in {I 11) diamond growth is suggested to 
be the formation of nucleation sites, nitrogen could catalytically enhance the growth 
rate through the formation of these sites [18,19]. Bar-Yam and Moustakas [20] 
propose that defects (in particular vacancies) at or near the surface, raise the formation 
energy of graphite above that of diamond and hence lead to an increased growth rate. 
The role of nitrogen addition on the growth mechanisms in CVD diamond is 
ambiguous. 
Nitrogen is readily incorporated into SC-CVD unless considerable efforts are 
taken to ensure the purity of the source gas and prevent any leaks in the CVD reactor. 
The neutral single substitutional nitrogen defect also referred to in the literature as the 
PI signal or the C-forin of nitrogen, was first detected using Electron Paramagnetic 
Resonance (EPR) [21]. To avoid confusion in the remainder of this chapter the 
neutral single substitutional nitrogen centre shall be written as N, 
O. The N, O defect is 
also observable using Infra-Red (IR) and it is possible to make concentration 
measurements [22]. Neutral single substitutional nitrogen is a deep donor with a level 
ý Samlenski et al [13] also studied the incorporation of boron and concluded that boron had an 
incorporation probability approximately three orders of magnitude greater than that of nitrogen. 
The a-parameter is defined as a= 43 Vloo/ V, I, where I"hki are the growth rates on the 
Jhk1) surfaces 
[15,16]. 
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at 1.7 eV [23]. It is assumed throughout this chapter that the only source of donors 
(or at least the dominant source) are from N, O atoms. The positively charged single 
substitutional nitrogen defect, N, +, was identified using IR [24]. Ns+ is diamagnetic 
and hence it is not possible to observe using EPR. 
The 637 nm (1.945 eV) ZPL is attributed to the negative nitrogen-vacancy 
centre, NV- [25]. A calibration constant, f relates the strength of the 637 nm 
absorption, A637nmý to the concentration of NV- centres (here concentration is in CM-3) 
A637nm 
--,,: f[NV - ]. (5-1) 
Values for f vary in the literature. Davies [26] lists a number of calibration 
constants for different centres in a review including the NV- defect with a value of 
1.4(4) x 10-16 meV CM2 . This value was derived from an earlier paper [27]. The 
value has been directly measured using a combination of EPR and UV-Vis 
spectroscopy to be 1.5(l) x 10-15 mev CM2 (Smith et al [28]) and 
1.5(2) x 10-16 mev CM2 (Glover et al [29]). Both of these values are within the 
uncertainty of an estimate from detailed balance [26,27,30]. It is unclear however if 
the microwave power saturation effect (described by Glover [29,3 1 ]) for the 
concentration determination of NV- by EPR has been taken into account in the work 
by Smith et al [28]. The 575 nm ZPL was attributed to the neutral nitrogen vacancy, 
NVO, [32]. There is no analogous calibration constant for the 575 nm line in the 
literature. 
Photoluminescence (PL) measurements using 488 nm. laser excitation suggest 
that there is a non linear relationship between the between the ratio of the 637 and 
575 nm lines and the N, O concentration [33]. What is unclear is at what values of 
N, O / [NV- + NVO] it is reasonable to say that the NV centres exist predominantly in 
one charge state or the NV centres exist in similar concentrations. Collins [341 
discussed the phenomenon of the same defect appearing in multiple charge states 
simultaneously; it was proposed that the charge state of a defect was dependent upon 
the distance in the diamond from a nitrogen donor (assuming that single substitutional 
nitrogen is the dominant defect in the diamond). 
The ground state of the NV- defect is paramagnetic [35], and Chapter 4 of this 
thesis detailed how quantitative measurements were taken. The negative nitrogen- 
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vacancy-hydrogen complex, as observed by via EPR, is routinely detected in as- 
grown nitrogen doped SC-CVD diamond [36]. 
The NVO defect is predicted to be paramagnetic but no EPR signal has been 
positively identified as originating from this centre. 
So far the only quantitative studies looking at the relative incorporations of 
these nitrogen containing defects has been conducted on polycrystalline diamond [37]. 
The N, O concentration was determined from the 270 nrn UV band and it was 
concluded that N, 0 was the dominant form of nitrogen in CVD diamond. They found 
that [Nso] / [Ns+] > 10 where N, + was measured by IR absorption. The same study 
found NV concentrations in the range of 0.1 - 10% of the [Nso]. This study was only 
on a single film however with [Nso] z 10 ppm. 
Nitrogen is clearly a ubiquitous and important defect in CVD diamond, even 
in samples where effort has been taken to exclude it. Nitrogen can be incorporated in 
several different defects but it is unclear what proportion of the total nitrogen content 
is incorporated in which defects. Indeed it is unclear even what the total nitrogen 
content of diamond is. 
Given this background the work presented in this chapter was motivated to 
answer the following questions: 
(1) What are the relative incorporation probabilities of different nitrogen 
defects in single crystal samples gown by MP-CVD? Is there a 
relationship at all? 
(2) What is the total detected nitrogen concentration? 
(3) What are the mechanisms of incorporation for nitrogen defects? 
5.2 Samples 
A systematic study of - 100 SC-CVD diamonds has been performed as part of 
this thesis, however,, not all samples studied have more than one defect species present 
in concentrations greater than the detection limit (please refer to Chapter 
4 of this 
thesis for a discussion on detection limits). Since this chapter is concerned with 
comparison of different defect species, only those samples that contained two 
different species are include in 
Table 5-1, which lists the as-grown concentrations of - 60 SC-CVD diamonds. 
including a single sample that was doped with 
15 N, irradiated with 2 MeV electrons to 
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a dose of - 1018 CM-2 and annealed at NOT to produce NV centres [27]. Due to the 
cut and polish of the samples not all were suitable for optical absorption 
measurements. 
The samples studied are from three independent suppliers. Some samples 
have been intentionally doped with nitrogen but in general no information on the 
specific growth conditions was provided. The samples were grouped separately to see 
if there were any obvious trends introduced as a result of growth conditions specific to 
that supplier (e. g. reactor geometry), but none was found. 
Where a charge state is not specified then the total concentration is being 
referred to (i. e. N, = N, O + Ns+, NV = NV- + NVO). Concentrations are stated in parts 
per million (ppm) carbon atoms (I ppm = 1.762 x 1017 CM-3) or parts per billion (ppb) 
carbon atoms (I ppb = 1.762 x 1014 CM-3) . The notation of square bracket are used to 
denote concentrations (i. e. [X] denotes the concentration of defect X). 
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0.4 
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4.0 
4.0 
4.2 
i. 0 
5.0 
03 
0.6 
0.2 
0.6 
0.1 
0.2 
0.2 
0.1 
0.1 
0.2 1 
0.1 
0.1 
0.2 
0.1 
0.2 
0.5 
0.1 
1.0 
0.4 
0.3 
0.3 
0.2 
0.1 
0.1 
0.2 
0.7 
0.3 
0.6 
1.0 
Table 5-1: Concentration table for all SC-CVD samples with two or more detected, quantifiable 
defect species. N, + measurements were recorded using RT IR spectroscopy, all other 
measurements were taken using RT EPR. Samples 1-11 are described as being intentionally 
doped with nitrogen. Sample 12, highlighted in bold, has been irradiated and annealed to 
produce NV centres, all other samples are as-grown. Sample 15 still had some substrate attached 
making NVH- measurements impossible. A dashed entry indicates that the level was below the 
detection limit and a 11" entry indicates that it was not possible to make an IR measurements on 
those samples. Upper limits (U. L. ) have been indicated for some samples by modelling a signal 
equal to the magnitude of the noise. 
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5.3 Measurements of the single substitutional nitrogen (Ns) defect 
N, O and N, + are both IR active. The N, O defect has a maximum at 1130 cm-1 
and a characteristic peak at 1344 cm-1 and the concentration could be measured by the 
strength of the absorption at 1130 cm-1 according to the relation that I cm-1 of 
absorption at 1130 cm-1 corresponds to a concentration of Ns 0 centres equal to 
25(2) ppm [22]. IR absorption was not used in this thesis to determine [N, O]. The 
large majority of samples studied were "type Ila" and therefore no [N, O] signal could 
be detected using IR. The N, O signal was detectable using EPR however and 
concentrations were determined as detailed in Chapter 4: Experimental Details. 
N, + is diamagnetic and therefore it is not possible to observe this defect using 
EPR. The N, + defect has a characteristic peak at 1332 cm-1 and is uniquely identified 
by two further peaks and 950 and 1046 cm- The incorporation of this defect was 
shown to correspond to the height of the 1332 cm- I absorption line according to the 
relation that aI cm-1 absorption is produced by a concentration of N, + centres equal to 
5.5(l. 0) ppm [24]. A number of assumptions have been made in order to detennine a 
quantity for [N, +]. Most importantly it has been assumed that there is no contribution 
to absorption at 1332 cm-1 other than that originating from Ns+. The samples studied 
typically had very weak or zero one-phonon absorption from nitrogen defects (the 
definition of type 11 diamond) and it was rarely possible to distinguish the 950 and 
1046 cm-1 lines. Often only the 1332 cm-1 was visible out of the noise. Errors quoted 
in this thesis are determined by multiple independent fits (including base-lining and 
scaling to absorption coefficient units) to the data, signal to noise considerations and 
the level of error of 18% in transforming a measurement of 1332 cm-1 into [N, 
+] [24]. 
The determined concentration of [N, +] should therefore be viewed while keeping in 
mind the assumptions made in order to determine the value presented. 
5.3.1 Relative incorporations of neutral and ionised single substitutional 
nitrogen 
The concentrations of N, 0 and N, + plotted in Figure 5-1 below were in the 
range 8 ppb < [N, 01 < 15 ppm. When [N, 
01 <8 ppb the N, + signal was not 
measurable. For a sample with a volume of a few mm 
3, with an optical path length of 
-I mm the detection limit for N, 
+ is estimated to be - 100 ppb compared to -I ppb 
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for N, O. These were plotted against the estimated [N, '] as determined from the height 
of the absorption at 1332 cm-1. 
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Figure 5-1: Plots showing a) the absolute incorporation of the as-grown neutral and ionised 
single substitutional nitrogen and b) the relative incorporation of the as-grown neutral and ionised single substitutional nitrogen concentrations as a function of the total single substitutional 
nitrogen concentration in SC-CVD diamond. N, O measurements were determined by EPR with B1110011 and the N, + measurements were estimated from IR. All measurements were made at RT. 
The blue line in plot a) is a line of y=x and the dashed line indicates the detection limit. 
The blue line in Figure 5-1 a) is a line of y=x. With the exception of a single 
point the data lies above this line. Figure 5-1 b) plots the relative incorporations of 
N, + to N, O as a function of total N, At [N, ] > 10 ppm the two charge states are present 
in roughly equal concentrations. At concentrations less than this the positive charge 
state dominates, the ratio of [N, +] / [Nso] varies by up to a factor of - 40, however, 
there appears to be a distribution centred around [Ns+] / [N, O] = 4(l). The substantial 
fraction of [Ns+] indicates that a large number of traps are present in order to take up 
the charge that the nitrogen has donated. 
5.4 Quantitative measurements of the negative nitrogen-vacancy- 
hydrogen (NVH-) complex 
NVI-F is routinely detected in as-grown SC-CVD diamond [29]. The 
concentrations of the NVH- complex were measured in the same set of samples using 
EPR spectroscopy (see Table 5-1), and the results are plotted in Figure 5-2. 
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Figure 5-2: Plot showing the relative incorporations of the as-grown a) neutral and b) ionised 
single substitutional nitrogen and the negative nitrogen-vacancy-hydrogen complex. 
Concentrations were determined by EPR (with B11[0011) and IR at RT. The blues line are lines of 
y =x and the dashed lines indicate the detection limits. 
All the points lie below the blue y=x lines in Figure 5-2, indicating that there 
is always more N, than NVH_ in the as-grown samples. 
The ratio between the two defect species varies considerably as shown in 
Figure 5-2 a), between N, O: NVH- & 60: 1 at lower nitrogen concentrations to 
N, O: NVH- ý- 3: 1 at higher concentrations. NVH- can therefore account for a 
substantial fraction of the total nitrogen content in SC-CVD diamond. 
Figure 5-2 b) shows the correlation between the ionised nitrogen donor and 
NVFF in as-grown material. The NVH_ defect accounts for between I- 10% of the 
charge donated by the nitrogen donors below [Ns+] = 0.5 ppm. For [N, +] > 0.5 ppm 
the NVH- defect accounts for approximately 30% of the charge donated by nitrogen 
donors. This is a significant amount of the total charge donated but clearly there must 
exist other charge traps in these samples. 
5.4.1 Evidence for neutral nitrogen-vacancy hydrogen (N-VHO) 
Three N-cloped SC-CVD samples were isochronally annealed to determine the 
temperatures at which changes in defect concentrations occurred. The bulk of these 
results will be presented and discussed in later chapters. For low annealing 
temperatures, <I 100 'C, it was sometimes noted that N, O decreased when NVH_ 
increased, and vice-versa. An example is shown in Figure 5-3 below where the EPR 
spectra are compared before and after annealing at I OOOT. 
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Figure 5-3: EPR spectra showing the change in concentration between the N, O and NVH- defects 
between anneals at 900 and 1000 'C (shown in black and blue respectively) as measured by room 
temperature (RT) EPR with BIJ1001 I and a field modulation of 0.1 G. At IOOOOC the sample had 
INVH-1 increased to 1.1 ppm. The change in concentrations is due to charge transfer. 
At these temperatures kBT is only of order 0.12 eV and charge transfer is 
therefore unlikely to be via the conduction band, but it is reasonable to assume that it 
involves thermally stimulated charge hopping or tunnelling between defects. Such 
processes with small effective activation energies have been observed before in 
diamond [38]. The change in concentrations shown in Figure 5-3 is likely to be 
described by a reaction shown in (5-2) below, 
[N']+[NVH']<->[NVH-]+[N+] (5-2) 
ss 
The observed changes were not always described by (5-2), indicating that 
other defects, perhaps including NVO/- and some as yet unidentified centre(s) are also 
involved. Figure 5-3 shows a particularly simple example where the change in 
concentrations balance but this is also the largest transfer of this kind observed, 
usually these transfers are small or zero. For this kind of reaction to occur however 
there must exist in the samples a reservoir of NVH 0, the neutral nitro gen-vacancy- 
hydrogen complex. It can be concluded that NVHO and NVH- can exist 
simultaneously, as with the undecorated nitrogen vacancy centres [39,27]. There is 
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A[NVH-] = +200 ppb A[Ns'] = -200 ppb 
no evidence for the existence for the neutral analogue of the VH-/V2H-defect 
(discussed in section 5.6) which has never been seen to increase in concentration. 
From the small changes in [NVH-] observed it is inferred that whilst the 
neutral charge states exist it is not expected to be present in high concentrations. This 
is supported by the estimation of [Ns+l in these samples which was found to be the 
most abundant identified defect, suggesting that if an electron trap (i. e. NVHO) is 
grown into the sample then there is an abundance of donors such that the majority of 
the traps will take up an electron and be found in the negative charge state, i. e. NVH-. 
As yet however there is not a direct method for determining the concentration of 
NVHO; perhaps there is a C-H stretch mode that could be observed using IR 
spectroscopy? 
5.5 Quantitative measurements of the negative nitrogen-vacancy 
(NV-) centre 
This study utilises a variety of different experimental techniques to measure 
the concentration of the negative nitrogen-vacancy centre, NV_. The quantitative 
measurements made with EPR have taken the EPR saturation behaviour into account 
in a similar method to that used by Glover [31]. Further details of how quantitative 
measurements were determined are detailed in Chapter 4: Experimental Details. 
5.5.1 EPR results 
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Figure 5-4: Concentration trend between the as-grown negative nitrogen-vacancy and a) the 
ionised single substitutional nitrogen, b) the negative nitrogen-vacancy-hydrogen and c) the 
KCLI defects as measured by RT FTIR and EPR with B11110011. The blue lines are lines ofy =x 
and the dashed lines indicate detection limits. 
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All the samples that contained NV- in concentrations above the EPR detection 
limit -I ppb (the lowest detected concentration was 0.8 ppb) also contained NVH-. 
The relative incorporations of these two nitrogen-vacancy related centres have been 
plotted against each other and the results are shown in Figure 5-4 above. 
When compared to the single substitutional nitrogen concentration, shown in 
Figure 5-4 a), it is clear that NV- is a minor player in the total nitrogen incorporation 
in SC-CVD diamond and that on average it accounts for -I% of the total charge 
donated by nitrogen. 
As all the points in Figure 5-4 b) lie below the blue line of y=x, it can be 
concluded that there is less of the undecorated NV- defect than NVH-. The ratio 
between the two defects varies between [NVH-]: [NV-] ý 10: 1 (at lower [NVH-]) to 
[NVH-]: [NV-] 3 5: 1 (at higher [NVH-]). There is a single sample where NVH- and 
NV- are present in equal (within the limits of uncertainty) concentrations at [NV-] 
4(l) ppb. 
Figure 5-4 c) shows the correlation between NV- and the negative (di)- 
vacancy-hydrogen complex referred to in this chapter as KCLI (see section 5.6). In 
samples where both defects can be detected the two defects are present in comparable 
concentrations. At lower N, content there is more KCL I than NV_ and vice-versa for 
higher Ns contents. 
5.5.2 Measurements using ultraviolet-visible (UV-Vis) optical 
absorption and photoluminescence (PL) 
Seven samples listed in Table 5-1 were selected for a further investigation 
looking at the negative nitrogen vacancy centre. These samples were chosen to give a 
large dynamic range in [NV-] and include a sample that was irradiated and annealed 
(as detailed in Table 5-1). The samples were measured using UV-Vis optical 
absorption and photoluminescence in an attempt to correlate the signals originating 
from NV- centres with the concentrations determined from EPR. Examples of the 
optical spectra are shown in Figure 5-5 below. 
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Figure 5-5: Data showing a) the UV-Vis optical absorption spectra at 77 K and b) the PL spectra 
at 4 K, x5 objective using 514.5 nm excitation, for two SC-CVD diamonds, one of which has been 
irradiated and annealed (see Table 5-1) and is shown by the red-dashed spectra at the top of each 
data set. The black-solid spectra at the bottom of each data set, is a typical as-grown SC-CVD 
sample. The spectra for the as-grown sample has been scaled by a factor of 10 to facilitate a 
better comparison. The PIL spectra have been normalised to the integrated intensity of the 
diamond Raman signal 
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Figure 5-6: Plot showing the correlation between the concentration of negative nitrogen-vacancy 
centres as determined by RT EPR with B111001 I and a) the integrated intensity of the 1.945 eV 
ZPL absorption at 77 K and b) the integrated intensity of the 637 nm luminescence line relative 
to the integrated intensity of the Raman line at 4 K. PL measurements were taken using x5 
objective with 514.5 nm laser excitation operating between 5 ýIW - 0.5 mW. The red lines are 
error weighted linear fits through the origin to the data. The gradient of this line in plot a) is 
0.083(8) meV cm-1 ppb-1 and in plot b) is 16(4) ppb-1. Detection limits are indicated by dashed 
lines. The sample with INV-] ýý 200 ppb was irradiated and annealed to produce a large number 
of NV centres (see Table 5-1). 
As shown in Figure 5-6 it is clear that there is a linear relationship between the 
concentration of NV_ centres as measured by RT EPR and the strength of the optical 
absorption 1.945 eV (637 nm) ZPL as measured at 77 K by a Perkin-Elmer Lambda 
19 Spectrophotometerý. The gradient of the line in Figure 5-6 corresponds to f in (5- 
1), this is equal to 4.7(5) x 10-16 meV CM2 . 
This result is in line with theoretical 
estimates however it does not agree with previous experimental determinations. The 
calibration constant varies by up to a factor of 3 from previous reports [26,28,29]. 
The results for the same measurement using PL are shown in Figure 5-6 b). 
These measurements were taken at 4K using a Renishaw Raman Invia microscopet 
using ax5 objective with 514.5 nm laser excitation operating between 5 ýtW - 
0.5 mW. It was shown in Chapter 4: Experimental Details that the integrated intensity 
of the Raman line scaled linearly with laser power over this range. The PL integrated 
intensities are an average of at least four measurements, taken at different positions on 
the diamond surface to account for any inhomogeneities and to ensure that a typical 
intensity was represented. The linear fit constrained to pass through the origin has an 
R2 value of 0.90 and a gradient of 16(4) ppb-1 i. e. if the Raman line and the 637 nm 
t Further details of these instruments were given in Chapter 4: Experimental Details. 
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ZPL had the same integrated intensities then the concentration of NV- centres is 
0.06(2) ppb. The spot size for these optics and power settings is estimated to be 
2 3(l) ýtM and the depth-of-field is estimated to be between 10 - 50 ýtm. This means 
that sample volume that is being observed is (1.0 ± 0.7 x 10-10) _ 10-10 CM-3 . For the 
sample containing - 0.8 pbb NV- centres homogenously distributed this would imply 
that the luminescence signal is coming from between 4- 25 x 103 NV- centres. The 
signal to noise ratio from this sample, 4 accumulations taken at 0.1 mW laser power. 
was> 3x 103: 1 , 
i. e. if the same sample volume contained only a single NV- defect we 
would expect a S: N for the 637 nm. line > 3: 1 using the same experimental conditions. 
This could be boosted further by increasing the incident laser power or taking more 
accumulations. This calculation indicates that the single molecule detection of a NV- 
centre using PL is entirely plausible (see Jelezko et al [40] for a review on the 
detection of single NV- molecule detection). 
The 2.156 eV (575 nm) ZPL is present in the majority of those samples that 
also have the 1.945 eV ZPL. The NVO defect is predicted to be paramagnetic but no 
EPR signal has been positively identified as originating from this centre, excluding 
the possibility of a similar study to correlate NVO with optical absorption or PL. 
5.6 Quantitative measurements on the negative vacancy- 
hydrogen/di-vacancy-hydrogen (VH-N2H-) complex 
As discussed in chapters 2 and 4, the VH-N2H- complex is commonly 
detected in as-grown SC-CVD diamonds [41,42,43,44]. As there is still debate in 
the literature as to the structure of this defect it shall simply be referred to as the 
"KCLI" defect in this chapter. The method of incorporation has not yet been 
determined. Whilst this centre does not contain a nitrogen atom it is of interest in this 
study since it has been identified as an electron trap. It is also possible that the 
formation of KCL1 acts as a precursor step in the formation of NVH_. The 
concentrations were determined by fitting to the half-field forbidden EPR signal with 
B11[001] crystallographic direction. 
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Figure 5-7: Concentration comparisons between the as-grown KCLI defect and a) neutral single 
substitutional nitrogen and, b) the negative nitrogen-vacancy-hydrogen complex concentrations, 
as measured by RT EPR with B11110011. The blue lines are lines ofy=x. 
The blue lines in Figure 5-7 are lines of y=x. It can be seen that all the points 
lie below these lines indicating there is more N, 0 and NVH- in these samples than 
KCLI. When compared to the concentration of single substitutional nitrogen it is 
evident that KCLI is present only in very small concentrations. From Figure 5-7 a), 
the ratio of NsO: KCLI ýý 20: 1 at lower [N, O], and N, O: KCLI gt 750: 1 at higher [Nso]. 
There is no obvious trend between the ionised nitrogen donor and KCLI, examination 
of Table 5-1 shows that the KCLI defect accounts for between 0.01 - 0.80% of the 
total charge donated (i. e. less than I%). 
From Figure 5-7 b), the ratio of NVH-: KCLI ; ztý 2: 1 at lower [NVH-], and 
NVH-: KCLI ; zý 230: 1 at higher [NVH-]. 
5.7 Discussion 
Collating the data presented above it has been seen that NVH- is the most 
abundant identified charge trap present. In a few samples however the NV- 
concentration also had a significant contribution (7%) to the total charge trap 
concentration. Figure 5-8 plots the sum of the known, detected charge traps (KCLI is 
included for completeness) against the estimate of N, +, which is assumed to be the 
only charge donor present in these samples. 
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Figure 5-8: Plot showing the sum of detected negative defects (INVH_I + INV-] + IKCL1 I) as a 
function of N, +. The blue line is a line ofy = x. All measurements were taken at RT EPR with the 
exception of N, + which was measured using RT FTIR spectroscopy. 
It is evident that at most - 45% of the charge that is donated by the nitrogen 
can be accounted for. There were a number of assumptions made in order to 
determine the concentration measurements for N, + and these were detailed in section 
5.3. Perhaps the coefficient relating the strength of absorption at 1332 cm-1 to the 
concentration of N, + centres is incorrect [24]? If this were the case and the coefficient 
was incorrect by a factor of 2 then for [N, +] ý! I ppm, whereby a linear dependence is 
indicated, the points in Figure 5-8 would lie close to the line of y=x. It was also 
assumed that there was no contribution to absorption at 1332 cm-1 other than that 
originating from Ns+; perhaps only 50% of the intensity of the peak at 1332 cm-1 
originates from N, + centres? Neither of these suggestions would account for the 
points below [N, +] = 1000 ppb; a relatively large variation in the total charge trap 
concentration is observed for a relatively small change in [N, +], i. e. the total charge 
trap concentration is insensitive to [Ns+]. This indicates that there is another charge 
trap that is grown into these samples in order to take up the donated charge. The 
dominant charge trap is unknown. The results presented in this work suggest that the 
unknown charge trap (or traps) is present in concentrations of [X] ;: t; I ppm, 
independent of the nitrogen content. If this were the case then the ionised charge state 
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of the single nitrogen centres would dominate over the neutral charge state as charge 
is taken up these unknown traps. After all the unknown traps have accepted a charge 
([Ns'] -ý [XI -- I ppm) the concentration of known charge traps (e. g. NVH-, NV- etc. ) 
would increase linearly with [N, +], and, once all charge traps have taken up a charge, 
the neutral nitrogen content would also increase. This is consistent with the data 
shown throughout this chapter, e. g. Figure 5-1. It is noted that the irradiated annealed 
sample has roughly equal number of known charge traps to nitrogen donors. The 
dominant charge trap is as yet unknown 
This discussion will now briefly surnmarise the data presented in this chapter 
so far. 
Typically [N, +] > [N, O]. 
[N, O] > [NVH-] > [NV-] > [KCL I]. 
* Nsq NVý NVH- and KCL I are all stable at growth temperatures. 
* NVH 0 might also exist to explain the charge transfer effects observed upon 
annealing at moderate temperatures. 
0 [Ns+] > dominant charge trap unidentified. 
Single substitutional nitrogen has been the most abundant defect in the SC- 
CVD samples studied in this work and typically the ionised charge state is more 
abundant than the neutral charge state. This result shows that it is therefore crucial to 
consider both charge states when stating the single nitrogen concentration. The 
contribution to the total nitrogen content, Ntot, by NV centres is negligible in as-grown 
material, [NV-] is typically less than 1% of [N, ]. Whilst NVO is present in these 
samples there is no direct method of measuring a concentration. It is not expected to 
be found in concentrations greater than [NV-], which is not an unreasonable 
assumption considering the high levels of N, +. This is supported by data shown in 
Figure 5-5. If it were assumed that the calibration constant for NVO were the same as 
that of the NV- centre then the UV-Vis optical absorption data implies that on average 
[NV-] / [NVO] - 10. The NVH- defect can be present in concentrations up to 3 0% of 
N, O. It has also been shown that NVHO could also be present in these defects but as 
yet there is not a direct method of measuring a concentration. There is no evidence 
that NVHO exists in concentrations exceeding 200 ppb. In the sample in which this 
charge transfer was seen, the largest transfer of this type, the total nitrogen 
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concentration was -7 ppm (- 5 pprn N, +, I ppm N, O, 0.8 ppm NVH- and 0.2 ppm 
NVHO). NVHO therefore would account for less than 3% of the total nitrogen content, 
significantly smaller than the uncertainty in the measurement of N"'. There was no 
evidence in these samples for any optical signals originating from nitrogen interstitials 
or nitrogen aggregates. Provided the dominant charge trap (see discussion above) 
does not contain nitrogen, a representative measurement of the total nitrogen content 
detected in this work can be expressed as 
[Ntotl = [Ns+] + [N, 01 + [NVH-]. (5-3) 
For the samples studied in this work with [Nso] > 10 ppm, [Ns+] - [N, O] and 
[NVH-] - 
1/3 [N, O], (5-3) can be express as 
[Ntot] _7 13 [Nsol - (5-4) 
The purpose of the "type" classification was intended to label diamond by its 
nitrogen content. For SC-CVD diamond this convention fails to differentiate between 
diamond despite a large variation in the nitrogen content. The convention proposed 
by Martineau et al [4] of sorting the samples into those grown in the presence of 
nitrogen and those grown when exhaustive efforts have been taken to remove nitrogen 
is more appropriate but relies on the sample history, in particular the growth 
conditions. As has been the case for these samples this information is not always 
accessible and therefore the majority of samples studied in this work would not be 
able to be labelled using this convention [4]. A labelling convention should be 
universal for all investigators, and should be independent of prior knowledge of the 
sample history. If there exists a threshold above which [N"'] does not exceed when 
exhaustive efforts are taken to remove nitrogen from the growth environment then the 
convention proposed by Martineau et al [4] should be adopted for SC-CVD diamond. 
It is known from irradiation and annealing experiments that single 
substitutional nitrogen can readily trap a vacancy [34]. The formation of NV centres 
in as-grown SC-CVD diamond could be a similar migration and capture mechanism 
(the isolated vacancy is mobile at typical growth temperatures, see for example the 
paper by Lawson et al [45]) then these results strongly suggest that that mechanism is 
vacancy limited as most of the nitrogen incorporated in SC-CVD diamond is 
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undecorated. Whether this would be caused because the vacancies are genuinely 
limited or there is another competing (dominant) trap for the vacancies is unknown. 
Such a trap could be multi-vacancy complexes if they are stable under typical growth 
conditions; such as chains, disks or voids [46,47,48,49]. 
Hydrogen is the most abundant element in the gas phase so the fact that the 
data shows the majority of nitrogen vacancy centres are further decorated with 
hydrogen is not necessarily unexpected. If hydrogen can migrate through the lattice at 
typical growth temperatures then both of the growth mechanisms (grown in as a unit 
or via a migration/capture method) are possible. The NV centre, like N, is not mobile 
at typical growth temperatures so in a migration/capture mechanism of formation the 
hydrogen will have to migrate to the NV. If the migration and capture mechanism 
dominates then it is curious as to why there still exists undecorated NV centres. It is 
highly unlikely that any growth mechanism can be considered hydrogen limited 
considering the growth environment if hydrogen is soluble in bulk diamond at growth 
temperatures. The positive bond-centred hydrogen interstitial is predicted to be one of 
the more likely candidates for hydrogen migration but under equilibrium conditions it 
has been calculated that hydrogen should not easily diffuse in diamond [50]. If this is 
true then the only source of "free" hydrogen is on the growth surface. 
As growth rate is proportional to the concentration of nitrogen in the growth 
environment it might be expected that as [N, ] increases so too does the relative 
incorporation of NV-and NVH- centres [5,8,9,11 ]. This would appear to be the case 
for the NVI-F complex however NV- centres exist in higher relative concentrations at 
lower N, levels. 
At very low N, content, NV- and NVFF can be present in comparable 
concentrations. If a nitrogen atom captures a vacancy on the growth surface it is 
possible that it can also capture a hydrogen atom, forming a NVH defect on the 
surface and then being "over grown" by the next layer of diamond growth. If 
hydrogen is not readily soluble then the probability of capturing a hydrogen atom is 
increased at, or near the surface. If this growth mechanism is dominant then the 
concentration of defects incorporated in this manner would be dependent on the 
lifetime of the defect (e. g. N-X) on the surface compared to the growth rate. 
If a nitrogen atom does not capture a vacancy on the growth surface and 
is 
overgrown (i. e. incorporated as N, ) then it may still capture a vacancy at a 
later stage. 
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The production of NV centres in this manner must be vacancy limited as there are still 
a lot of undecorated N, defects. 
Another formation mechanism involves the production of KCLI and the 
subsequent capture by a N, defect. This mechanism would require the KCL I complex 
to be mobile at the growth temperature. If the defect were highly mobile this 
argument does not explain why there is still any undecorated KCLI as there exists in 
these samples an abundance if N, to act as a trap. Data presented in chapter 6 of this 
thesis indicates that the KCL I defect would not become mobile until -I 100 'C. The 
exact formation mechanism is still unknown. 
The concentration of NV- centres as determined by RT EPR was compared to 
the concentration of NV- centres as determined by optical absorption at 77 K. The 
results show a linear relationship over three orders of magnitude. The calibration 
constant determined in this work is slightly greater than that listed in the article by 
Davies [26] and differs from other calibration constants determined in a similar 
manner [28,36]. All the calibration constants are within a factor of - 10 of each 
other. The result from this thesis was directly measured on a suite of samples with a 
large dynamic range of [NV-] in contrast to measurements from a single sample. 
Further the EPR saturation behaviour has been carefully accounted for. 
The same suite of samples were studied using PL, normalising the integrated 
intensity of the 637 nrn ZPL with that of the Raman signal before and plotting against 
[NV-1 EPR. This methodology has been used elsewhere in the literature [5 1 ]. At low 
defect concentrations there are less competing radiative paths for a transition. Under 
such conditions PL might be useful as a quantitative technique. The primary 
advantage of PL is the incredible sensitivity of the technique. Whilst some of the 
samples studied had [NV-] close to the EPR detection limit of -I ppb, it is inferred 
from the signal to noise ratio on the PL spectra that single NV- molecule detection is 
plausible. The similarity of plots a) and b) in Figure 5-6 suggests that PL can be used 
to make a quantitative measurement of [NV-] in the same manner, using a calibration 
constant, fPL(637). such that: 
fintensity 
a?, 
L637nm - 
637nm Line 
ý fPL(637) [NV- (5-5) fIntensity A 
Raman Line 
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where L637nmis the ratio of the integrated intensity of the 637nm line to the integrated 
intensity of the Raman signal. The measurements presented in this thesis indicate that 
fPL(637) has a value of 16(4) ppb-I when 514 nm laser excitation is used. 
At higher concentrations the relative concentrations of other defects in as- 
grown material will increase, in particular N, and NVH-. It is unknown how the 
linear relationship observed will deviate as the concentration of competing centres 
increases and at what point this relation breaks down. 
5.8 Conclusions 
Single substitutional nitrogen is the most dominant identified point defect in 
the as-grown SC-CVD diamonds studied in this thesis; it was found that the ionised 
charge state is typically found in greater concentrations than the neutral charge state 
and for [N, ] :!! ý 10 ppm, [N, +] = 4(1) [N, O]. When considering the total nitrogen 
concentration it is therefore important to consider both charge states. It was also 
shown that there is an imbalance between the concentrations of the nitrogen donors 
and known acceptors suggesting there may exist another charge trap in these samples 
that has yet to be identified. Changes in the concentration of NVH_ were ascribed to 
thermally stimulated charge transfers indicating that there might also exist in the same 
sample a small fraction of the neutral charge state, NVHO. 
The mechanism of incorporation of nitrogen-vacancy related defects is 
unknown,, if the formation is via a migration and capture mechanism then the large 
incorporation of isolated nitrogen defects suggests this process is vacancy limited. 
Optical absorption and EPR measurements determined that the calibration 
constant, f for the NV- 637 nm ZPL = 4.7(5) x 10-16 meV CM2 and that a similar 
measurement could be made using photoluminescence with 514.5 nm excitation. PL 
experiments looking at the incorporation of the NV- centre also suggested that single 
molecule detection is entirely plausible. 
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Chapter 6 
6 Studies of the negative (di)-vacancy- 
hydrogen complex and the WARI defect 
6.1 Background and motivation for study 
Two hydrogen related complexes have been observed in as grown single 
crystal CVD (SC-CVD) diamond by Glover et al [1,2] using electron paramagnetic 
resonance (EPR) spectroscopy, namely the negative nitrogen-vacancy-hydrogen 
complex, NVH_, and the negative vacancy-hydrogen complex*, VH_, which is 
proposed by theoretical papers to actually originate form a negative di-vacancy- 
hydrogen complex, V2H_ [3,4]. The same signal (given the label KUL2) has also 
been observed by lakoubovskii and Stesmans [5] who also suggest aV2H- model. 
Due to the contention in the literature over the precise model for the defect (either 
VH- orV2H-) in the remainder of this thesis it shall be referred to as the KCLI defect. 
The 3324 cm-1 optical absorption line is observed in some nitrogen doped SC-CVD 
samples [6]; it was tentatively assigned to a C-H stretch mode of the KCL I defect [7]. 
It has been predicted that hydrogen would pin a vacancy, making any VH complexes 
considerably less mobile than isolated vacancies [8]. Isolated vacancies were shown 
to migrate in diamond, primarily in their neutral charge state, with an activation 
energy of 2.3(2) eV [9]. The neutral vacancy is therefore mobile in diamond at - 700 
- 800'C. It is known from HPHT annealing studies on SC-CVD diamond that the 
NVH- signal is removed by annealing at temperatures > 19000C but to date little is 
known about the stability of KCLI [10]. Neither defect has been observed in natural 
nor HPHT synthetic diamond; observation of either NVH- or KCLI can thus be used 
to identify the sample as CVD synthetic. 
V,, H, (m and n integers) defects have been observed in silicon and it is 
speculated that similar structures could form in diamond [11,12]. Recent attention 
has been focused on the structure and properties of the VH complexes found in as- 
grown nitrogen doped SC-CVD diamond [3,4,13,14,15,16]. A comprehensive 
review by Goss [14] concludes that the interaction between hydrogen and other 
* In the thesis by Glover [7] the VH- signal is also given the label KCL I. 
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defects often results in electrically (and optically) active centres that are strongly 
bound in diamond. 
The production mechanism for VH complexes in SC-CVD diamond is 
unknown. Baker [ 17] discusses the importance of considering the growth/production 
mechanism of a defect when assigning a model. The paper suggests that for complex 
defects or aggregates one must understand how the constituent components were 
assembled. Take for example the NVH_ complex whose constituent components are a 
single substitutional nitrogen defect, N, and a VH- defect, both of which are observed 
in the same as-grown material if Glover et al's [2] model is correct. Alternatively the 
NVH_ could be thought of as being made up of a hydrogen atom and a negative 
nitrogen vacancy centre, NV_. Neither Ns nor NV defects are expected to be mobile 
at typical CVD growth temperatures of - 800 - 900'C [ 18,19]. If NVH_ is formed 
by the constituent component(s) diffusing through the diamond bulk then either 
hydrogen or VH_ defects have to be mobile at typical growth temperatures. By 
analogy with experimental evidence for bond centred muonium (Mu) [20], the 
positive charge state of the bond-centred hydrogen interstitial% HBC,, is predicted by 
Goss et al to be one of the more likely candidates for single hydrogen migration [ 15, 
21]. At equilibrium the review by Goss [14] concludes however that interstitial 
hydrogen is thermodynamically insoluble in bulk diamond and theoretical 
calculations predict VH complexes to have effectively zero solubility in diamond 
[22]. If both constituent components are insoluble in the bulk then it seems logical 
that the defect must have formed on the surface during growth. If a VH complex were 
to form at, or near the growth surface it could be overgrown by the next layer of 
diamond growth. In this growth mechanism the complex is effectively grown in as a 
unit and provides a plausible explanation for the incorporation of otherwise 
"insoluble" defects during the non-equilibrium CVD growth process. 
The growth mechanism for the KCLI complex, consisting of a (di)-vacancy 
and a hydrogen atom, is unknown. Neither isolated vacancies nor di-vacancies have 
been detected in any of the as-grown SC-CVD diamonds examined in this thesis. 
Isolated vacancies can be detected via optical absorption spectroscopy [23]. The 
negative vacancy, V-, and the neutral di-vacancy, V2 are both paramagnetic, with 
* HBC, has been discussed in the theoretical studies by Goss et al [ 14,15,21 ] and has been predicted to 
possess both donor and acceptor levels. 
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EPR signals that have been identified [24,25]. Di-vacancies are more stable than the 
isolated vacancy and anneal out at T- 800'C [25]. For SC-CVD diamond growth at 
temperatures above 800'C one would expect the mobile (di)-vacancies to anneal out 
to a sink such as the surface or to be trapped at a defect [ 19]. It is known that nitrogen 
acts as a very effective trap for vacancies* to form NV centres [18]. Irradiation of 
diamond with electrons or neutrons and annealing at temperatures > 800'C have 
shown that the negative and neutral nitrogen vacancies, NV- and NVO, can be created 
in diamond [26,27]. There is no evidence for a nitrogen di-vacancy complex, NV2, in 
diamond. If the KCLI defect is responsible for the 3324 cm-1 absorption line then it 
is known that is removed by HPHT annealing [6]. It is unknown how the defect 
anneals out. It can be assumed that the mechanism is not as a result of a defect being 
captured by the VH complex since there are no (di)-vacancies present and both Ns and 
NV- are immobile at these temperatures [ 18]. If the barrier for migration for the VH 
defect is less than the energy required for dissociation then the defect will migrate as a 
unit. Otherwise the defect would split into its constituent components, which could 
then migrate away. If this could be determined then it would yield some clues as to 
the possible formation mechanism for NVH-. 
Isotopic substitution of hydrogen with deuteriumý is a powerful method when 
used in conjunction with optical techniques. Studies have shown that many optical 
absorption lines in as-grown SC-CVD diamond contain one or more hydrogen atoms 
using such a technique [28,29]. Care should be taken when interpreting isotopic 
shifts with deuterium; the absence of a H-related absorption line/band in a2 D- 
enriched sample is sometimes attributed to the shifting of the band into resonance 
with the two phonon bands and subsequent lifetime broadening of the line [28,29]. 
The absence of a defect induced absorption line in an isotopically enriched sample is 
not enough to associate unambiguously the line to a mode involving that isotope; 
perhaps the defect is simply not being incorporated. Isotopic substitution of 
14 N with 
15 N has proved to be an extremely valuable tool in simplifying and identifying 
defects/signals in conjunction with electron paramagnetic resonance (EPR) and 
optical absorption, [1,2,28,29]. To date little work has been completed on the 
* Collins showed that vacancies enhanced the aggregation of nitrogen such that N+V --) NV, N+ NV 
4 NVN (or 1-13) 4V+ N2(or A-centre). The formation of A centres occurred at T- 1500'C. 
t Deuterium is an isotope of hydrogen, specifical ly 2 H. In this chapter it shall be denoted in the text 
either by 4t2 D". 
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effects of isotopic substitution of H with 2D with EPR in SC-CVD diamond. The 
negative nitrogen-vacancy-deuteriurn (NVD-) complex has been observed in a SC- 
CVD diamondl grown with a2 D2: CH4 gas mixture and EPR parameters have been 
determined [30]. It is expected that the KCLI defect will be similarly observed with 
H replaced by 2D to form a negative (di)-vacancy-deuterium complex, VD-/V2D-, 
which will be labelled as "2 D-KCLP. 
Whilst performing these studies, a new, unidentified EPR signal was observed. 
Using the naming convention proposed by Loubser and van Wyk [3 1] this signal is 
given the label "WARl" (the first new signal identified at the University of 
Warwick). This signal was also observed in a SC-CVD sample grown in a2 D-rich 
environment (i. e. grown with a mixture of 2D and CH4) and so an opportunity 
presented itself to simultaneously study both the effects of isotopic substitution of IH 
with 2D on the KCL I defect and the new WAR I signal. 
Given this background, this chapter tries to answer the following questions: 
(1) When does the defect identified as KCL I anneal out? 
(2) Is hydrogen expelled from the KCLI complexes prior to migration or 
does the complex migrate as a unit? 
(3) What is the effect of isotopic substitution of H with 2D on the KCLI 
defect? 
(4) What is the symmetry of the WARI defect and what is its structure? 
6.2 Samples and experiments 
A suite of three SC-CVD diamonds has been isochronally annealed between 
900 and 1600'C to investigate the stability of VH complexes. For the purposes of this 
chapter these three samples will collectively be referred to as set of samples "A" and 
the as-grown defect concentrations, as measured by room temperature (RT) FTIR and 
EPR spectroscopy, are listed below in Table 6-1. The samples were annealed at 
900'C for 2 hours, and subsequently annealed for a further two hours at 100'C 
increments, up to 1600'C. The samples were annealed for a total of four hours at 
1600'C. Note that 1600'C is the limit for annealing at ambient pressure, at higher 
temperatures the samples would graphitise [32]. 
ý This study was performed on the same sample investigated in this thesis. 
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Sample ID [N, +] (ppm) [N, 01 (ppb) [NVH-1 (ppb) I (ppb) IKCL11 (ppb) 
Al 5.0(9) 640(50) 780(60) 29(7) _ 15.7(l. 5) 
A2 1.5(3) 495(70) 230(30) < 4.1 8.8(4) 
A3 1.3(2) 510(80) 155(20) < 2.4 5.2(4) 
Table 6-1: Table showing the as-grown defect concentrations for SC-CVD diamond samples 
used during isochronal annealing studies. The INV-] for samples A2 and A3 were below the 
detection limit, for such measurements an upper limit has been estimated by modelling a signal 
equal to the magnitude of the noise. The [N, +] measurements were taken using RT FTIR 
spectroscopy as detailed in Chapter 5. All other measurements were taken using RT EPR. 
A suite of four SC-CVD diamonds was selected to perform a series of 
isothermal anneals. For the purposes of this chapter these four samples will 
collectively be referred to as set of samples "B". Sample B4 was doped with 15 N (i. e. 
grown with 15 N2 in the gas phase), irradiated with 2 MeV electrons to a dose of 
_ 1018 CM-2 and annealed at NOT for four hours to produce NV centres [33]. At this 
temperature the VH complexes are stable and so were included as part of the study. 
The defect concentrations, as measured by RT FTIR and EPR spectroscopy, are listed 
below in Table 6-2 and details of the isothermal annealing are listed in Table 6-3. 
Sample ID [N, +] (ppm) [N, O] (ppb) [NVH-1 (ppb) [NV-l (ppb) [KCL11 (ppb) 
BI 1.8(3) 550(70) 300(30) 7(2) 8.9(5) 
B2 1.5(3) 390(40) 260(20) 10(2) 8.4(6) 
B3 1.1(2) 330(40) 120(30) 0.8(3) 3.9(4) 
B4 0.5(l) 300(70) 130(30) 245(41) 1.9(3) 
Table 6-2: Table showing the defect concentrations for SC-CVD diamond samples used during 
isothermal annealing studies. Sample B4 is a 15 N doped sample that has been irradiated and 
annealed as described in the text, all other samples are from as-grown samples. 
Sample ID Ta (00 Duration of anneals (mins) Number of anneals 
BI 1000(3) 30(3) 6 
B2 1050(3) 20(3) 4 
B3 950(3) 60(3) 7 
B4 850(3) 480(3) 4 
Table 6-3: Table listing the isothermal annealing parameters used to investigate the annealing of 
KCLI. The temperature, T,,, is measured by a K-type thermocouple. The duration of each 
anneal is the time the sample spent at T,. 
The samples have been described as intentionally doped with nitrogen but no 
specific growth conditions have been provided. Further details of the annealing 
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furnace and how temperature measurements were recorded can be found in Chapter 4: 
Experimental Details. 
The WARI signal was observed in the majority of samples listed in this 
chapter however the signal was observed to be stronger in an as-grown nitrogen doped 
SC-CVD sample which contained 15(3) ppm N, O as measured by EPR. This sample 
will be given the label "sample U. 
The sample used to investigate the effect of isotopic substitution of H with 2D 
with the KCLI defect was an as-grown SC-CVD diamond grown from 
2D 
-enriched 
source gasses (i. e. a2 D2: CH4 mixture). The 2 D2/CH4 ratio in the gas phase is 
unknown. The WARI signal was also observed in this sample and was a factor of -5 
stronger than in any other sample. This sample was used when investigating the new 
WARI defect with X-band EPR. 
6.3 Annealing of the KCL1 defect 
6.3.1 Isochronal annealing results 
The three isochronally annealed SC-CVD samples (sample set A) all had 
significant concentrations of the KCLI defect. The intensity of the EPR signal 
decreased after anneals between 1100 and 1300'C and after a 1400T anneal the 
signal had completely disappeared. The data are presented in Figure 6- 1. 
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Figure 6-1: The half-field X-band EPR spectra for a) sample Al and b) sample A3 as the samples 
were isochronally annealed. Measurements were made at RT with B1110011. All spectra were 
recorded using the same experimental parameters and the spectra have been normalised with 
respect to scans accumulated and mass of the sample (if polishing was required). 
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Two further signals can be observed in the spectra at - 1640 and 1668 G. The 
former is the half-field NV-, also referred to in the literature as W 15 [34]; the latter is 
an unknown EPR signal, given the label WARI. The WARI signal is clearly present 
in the samples and is stable up to 1300'C. These data show that NV anneals out at 
temperatures between 1400 - 1500'C, consistent with the data of Collins [ 181. 
Sample Al, shown in Figure 6-1 a) shows an increase in [NV-] as the KCLI 
defect anneals out. A similar behaviour is observed in sample A3, shown in Figure 
6-1 b) where a small NV- signal is observed after annealing at 13000C. Within the 
limits of experimental error the total increase in NV- equals the total decrease of 
KCLL There was no observable NV- signal observable out of the noise at any stage 
of annealing in sample A2, a sample containing more KCLI centres than sample A3. 
No increase of NV- in any of the samples is observed as WARI anneals out. 
Isochronal annealing experiments are not enough to assign an order to the 
annealing reaction unambiguously and so a first order decay (please refer to Chapter 
3: Theory, p. 50) was assumed [35]. The data have been fitted using a least squares 
method. The plot in Figure 6-2 shows the normalised average concentration of KCLI 
from all three samples, i. e. the initial concentration of each sample was normalised 
and the average percentage of KCL I defects remaining after each anneal are plotted. 
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Figure 6-2: A plot showing the ratio in concentrations of KCLI post and pre annealing. The 
curves represent theoretical first order decays for activation energies, E,,, of 4.2,4.3 and 
4.4 eV 
(shown by the dotted black, solid red and dashed blue lines respectively). These curves have been 
plotted for an attempt frequency of 1011 Hz. 
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The least squares fit to the data provides estimates of E. = 4(l) eV and 
vo ; zý 10" Hz, where n=II±I The high level of uncertainty is attributed to fitting to 
isochronal data,, isochronal data is not enough to determine reliably an activation 
energy and attempt frequency or determine order of "reaction", but, the data was used 
to plan a series of isothermal annealing experiments to determine accurately the order 
of reaction and the precise values of E, and vo. 
6.3.2 Isothermal annealing results 
Sample set "B", listed in Table 6-2, were isothermally annealed as detailed in 
Table 6-3. The KCLI concentrations were determined via RT EPR and plotted 
against the cumulative annealing time, an example of which is shown in Figure 6-3 
below. None of the samples isothermally annealed showed any change in the 
concentrations of the NV- or WAR I defects. 
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Figure 6-3: Plots showing a) an example of how isothermal annealing affects the half field KCLI 
EPR signal in sample BI and b) the concentration of KCLI annealed at 1000(3)'C as a function 
of time. The curve is a fit to a first order decay from which a decay rate constant, K, was 
determined. EPR measurements were made at RT with B11[0011. 
The red line is a first order decay curve fit to the data. Annealing kinetics 
and the equations for annealing can be found in Chapter 3: Theory, (p. 50). From the 
decay curve it is possible to determine a rate constant, K. After repeating this 
experiment at different temperatures as detailed in Table 6-3, and plotting the rate 
constants against reciprocal temperature, the activation energy and characteristic 
attempt frequency can be determined for a first order decay model. 
This is shown in 
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Figure 6-4 below. The data was also fitted by a second order decay curve (to model 
second order kinetics) but it was found in the samples studied that a substantially 
better fit to the data (a reduction of the J- fitting parameter by a factor of 7) was 
achieved by modelling to a first order decay model. 
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Figure 6-4: A plot of KCLI annealing rate constants (determined at four different temperatures) 
against reciprocal temperature. Samples BI-B4 are labelled in the plot, details of specific 
annealing temperatures and times are listed in Table 6-3. The red line is fit to the data using an 
exponential decay curve from which E,, is determined to be 4.3 ± 0.2 eV and vo z2x 10'0 Hz. 
The activation energy is detennined to be 4.3(2) eV and the characteristic 
attempt frequency (exponential pre-factor) is vo z2x 10 10 Hz. The range of values of 
4x 109 Hz < vo <7x 10 10 Hz were determined by fixing E, at 4.1 and 4.5 eV (the 
lower and upper limits for E, ) respectively and allowing vo to vary to best fit the data. 
6.3.3 Discussion and interpretation of experimental parameters 
The experimentally detennined activation energy is consistent with the rate 
determining step being the breaking of a C-H bond. The bond dissociation energy 
value for C-H bonds is of the order of 4.3 eV t. This figure is an average of different 
C-H bond energies for C,, H,,, -H molecules listed in reference [36]. The annealing of 
t 4.3 eV is equivalent - 420 W mol-1. 
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KCLI could be explained by breaking a C-H bond and liberating the hydrogen from 
the defect; the vacancy will either migrate to a trap/surface. Alternatively the KCLI 
could diffuse as a single unit. The KCL I centre anneals out in the range I 100 - 
13000C with an activation energy consistent with the rate determining process being 
the breaking of a C-H bond. This is well above the vacancy annealing temperature 
confirming that the hydrogen "pins" the vacancy [9]. KCLI appears to anneal 
through a first order process and has never been seen to increase in concentration 
upon annealing; there is no evidence to date for a neutral analogue of this defect. 
The experimentally determined attempt frequency is of the order 109 - 
1011 Hz. The maximum frequency that a VH defect could vibrate at is vcH, the 
vibration of a C-H stretch modet. By comparing the attempt frequency, vo, withVC H 
it can be interpreted that a maximum of R "attempts" results in the defect being 
annihilated where 
R=VC ý/Vo - (6-1) 
Another interpretation is that the defect jumps (migrates as a unit) R times 
before encountering a sink (a surface, defect etc. ). If it is assumed that the only 
possible sink is another defect and that KCLI is migrating as a unit, using a random 
walk model the root-mean- squared (RMS) distance the KCLI defect could travel is 
b-ýN- [37], where N is the number of jumps (N = R) and b is the distance moved per 
jump with a C-C bond length in diamond being 1.54 x 10-8 CM [38]. Making the 
assumption that each of these jumps is in a straight line, the volume (of a sphere) that 
the defect roams and searches was compared with the density of carbon atoms, pc = 
1.77 x 1023 CM-3 [38], to deduce (from equation (6-2) shown below) that the minimum 
concentration of sink defectsý Smin, required is - 0.8 ppm. 
[Smin 4 
Izr(b-ýNvy PC 3 
(6-2) 
Both Ns 0 and Ns+ are present in these samples at concentrations such that the 
total single nitrogen concentration, [N, ] > 0.8 ppm. It is important that the potential 
t The carbon-hydrogen (C-H) stretch band in diamond is between 2700 and 3400 cm-1 (there is no exact 
definition and figures stated vary in the literature). A vibration at 3000 cm-' corresponds to a frequency 
of 9x 10" Hz. 
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sink is found in concentrations significantly greater than KCLI in this case as the 
decay process obeys first order kinetics. The total single nitrogen concentration is a 
candidate for such a sink. It is possible that the formation of NVH- or NVHO (which 
we know must be present due to charge transfer effects Presented in Chapter 5) is 
occurring if a single nitrogen defect captures a VH complex as shown in (6-3); 
however it is not possible to observe this change directly due to the order of 
magnitude difference in concentrations of these defects. Indeed if all the KCLI 
centres were converted into NVH- centres then the change as measured by EPR 
would still lie within the experimentally determined error bars (- 10%). Note that for 
aV2H- defect model, one of the vacancies would first have to be expelled from the 
complex. 
VH- + N, 4 NVH-, 
V2H- +2N, 4 VH-lo + Vo/- +2N, 4 NV-/o + NVHO/-. (6-3) 
The KCLI defect could also be annealing by first expelling a hydrogen atom 
which is consistent with the rate determining step being the breaking of a C-H bond. 
At the temperatures used to anneal the defect the remaining vacancy/di-vacancy 
would be mobile and a single nitrogen defect, N, could capture an isolated vacancy 
[18]. Both KCLI and NV- have comparable detection limits with EPR and so any 
increase in [NV-] should be obvious. In two out of the three samples isochronally 
annealed an increase in [NV-] was observed whereby, within the uncertainties, the 
increase in concentration equalled the decrease of [KCL I]. For an increase in NV- to 
occur an isolated vacancy must be created. If this vacancy originates from the KCLI 
defect then this would suggest that the defect is annealing by one of the following 
reactions 
VH- + N, 4 V- +H+N, 4 NV- + Hý 
V2H- + N, --> V-/0 + VHO/- + N, --> NV-/0 + VH 
0/-. (6-4) 
depending if the defect is VH- orV2H- respectively. Again, for aV2H- model an 
isolated vacancy would have to be expelled. The increase in NV- is not universally 
observed upon annealing however and it is not seen in any of the samples 
isothermally annealed. The sample in which the increase was strongest, sample Al, 
had a greater concentration of single nitrogen centres than the other samples. Perhaps 
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the annealing behaviour is dependent upon the concentration of N, centres? Another 
suggestion is that the annealing mechanism is dependent upon the temperature. 
Increases in NV- were only observed for anneals ý! 1300 OC. Perhaps above this 
temperature the mechanism in (6-4) dominates and below it the mechanism described 
by (6-3) dominates? Note that the formation of NVH- is possible by either route if 
there is a source of mobile hydrogen i. e. NV- +H --> NVH-. Does the formation of 
NV centres act as a precursor in the formation of NVH centres? 
6.4 Conclusions from the annealing data 
The KCL I defect anneals through a first order process between I 100 - 13 OO'C 
with an activation energy consistent with the rate limiting step being the breaking a C- 
H bond. This work was unable to distinguish the mechanism through which KCLI 
decays or to discriminate between either of the two proposed models for KCLI (VH- 
or V2H-), however, if the Glover et al [2] model is correct then this study suggests 
that hydrogen "pins" the vacancy. 
The KCLI defect is less stable in SC-CVD diamond than either the NV- or 
WARI defects. 
6.5 Isotopic substitution with deuterium; the negative (di)-vacancy- 
deuterium complex and the WAR1 defect 
6.5.1 Measurements using EPR 
To determine the EPR spin Hamiltonian parameters associated with 
2 D-KCLI 
and WAR I an angular variation in aýI 10 1 plane (or "roadmap") was measured. Both 
signals are observed in the same half field spectra along with the negative nitrogen- 
vacancy (NV-) signal. The presence of NV- is valuable as a field calibrator, and 
although the signal is saturated at the powers used to observe 
2 D-KCLI and WARI 
the NV- signal is still strong. As NV- does not involve hydrogen there will be no 
change in the NV- spectra in the 
2 D-doped sample. NV- is therefore a good internal 
measure of sample orientation, however this signal is from a 
forbidden half field 
transition and is very weak; observation with a reasonable signal to noise ratio 
requires continuous scanning for several hours. It was not possible to see these 
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signals in real time (using the Bruker spectrometer's interactive mode) in either 
sample C or the sample grown in a2 D-rich environment. The N, O paramagnetic signal 
was observable in such a mode however. 
The roadmap was constructed in the following manner; simulations were 
performed using EPR-NMR to determine the separation of the outer allowed 
transitions for N, O. The sample was then oriented such that the separation of the outer 
N, O lines as observed in the spectrometer's interactive mode matched that of the 
simulation. Spectra were then recorded at RT to look at the N, O allowed transitions in 
order to double check the orientation before recording the forbidden transitions at 
half-field. The microwave frequency was recorded at each orientation so that any 
change in microwave frequency that may have occurred from one orientation to the 
next could be compensated for in the final analysis. All the data were shifted to a 
standard frequency of 9.75 GHz. The NV- signal was simulated at 9.75 GHz in order 
to gauge further the accuracy of the alignment. Half-field spectra were recorded using 
an attenuation of 28 dB (it was found that the WARI signal had greatest intensity at 
this attenuation) and a modulation amplitude of 0.5 G. 
The angular variation was performed at 100 intervals, starting with BII[001]. 
Further measurements were taken at 5' from [00 1] and 5' to [I 10] to help identify 
which lines were splitting. To ensure that a representative spectrum was taken along 
each principal direction a further spectrum was recorded at 54.73', corresponding to 
Bjj[I 11]. 
Figure 6-5 shows RT spectra for two SC-CVD samples, one grown in the 
absence of 2D and one grown with 2 D-enriched source gasses. The plot also shows a 
simulation of the NV- and KCLI spectra for reference. The NV- signal is clearly 
observed in both samples and the spectra have been scaled such that the intensity of 
both signals is equal. 
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Figure 6-5: Half-field room temperature (RT) EPR spectra for the 'D-enriched sample (taken 
with 28 dB attenuation) and the as-grown sample containing 15(3) ppm of N, O (taken with 34 dB 
attenuation) taken at X-band frequency with a modulation amplitude of 0.5 G and B1110011. A 
simulation (using parameters from reference 171) is shown for NV- and KCL1 (simulated in a 
ratio of 1: 1) for comparison. 
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Figure 6-6: Half-field RT EPR spectra for the 2 D-enriched sample taken with 28 dB attenuation 
at X-band frequency with a modulation amplitude of 0.5 G and B1110011. A simulation (using 
parameters from reference 171) corresponding to 20 ppb of KCL1 was subtracted from the 
spectra and the residual shows a single line. 
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The KCLI signal has not changed appreciably in position between the two 
samples, however the structure of the signal has. A simulated KCLI spectrum was 
subtracted from the spectrum of the sample grown with 2 D-enriched source gasses and 
the residual, observed in Figure 6-6, shows a single line at 1651.5 G that overlapped 
with the KCLI spectrum. The hyperfine splitting of KCLI is very small and it is 
predicted upon substitution of H with 2D that the magnitude of any splitting should 
scale by the ratio of the nuclear g-values (9D/9H) [2]. This will result in a smaller 
hyperfine splitting, one that would not be expected to be resolvable using the current 
level of modulation (0.5 G). This is consistent with the observed signal at 1651.5 G 
in Figure 6-6 which is therefore assigned to 2 D-KCLL The ratio of the doubly 
integrated intensities of the simulated line corresponding to KCLI and 2 D-KCLI 
signal is - 3: 2. It is surprising that the 2 D-KCLI signal is smaller than the KCLI 
signal. It is known that the sample was grown from a mixture of CH4 and 2 D2 and 
whilst the exact ratio is unknown it is expected that if the signals were to scale as the 
ratio of isotopic abundances then the 2 D-KCL I signal would be larger than the KCL I 
signal. For example, if the source gases were 10% CH4 and 90% 2 D2 by volume it 
might be expected that the H: 2D ratio in the sample to be - 9: 2. It seems likely 
therefore that the 2 D-KCLI EPR signal has been preferentially saturated, and so, 
relative to the KCLI line, which, as was shown in Chapter 4: Experimental Details, 
does not saturate as the incident microwave power was increased (over the range of 
powers used in this thesis), appears to be smaller. 
There also appear to be new signals at 1646,1655 and 1674 G. The 1646 and 
1674 G lines are of roughly equal intensity. The origin of these signals is unknown 
and it is unknown if they originate from the same or from different defects. It is 
unlikely they are satellite lines of either the NV-, (2 D)-KCLI or WARI lines as they 
do not appear as pairs of lines separated by an equal distance around any of these 
signals. They are only observed in the 2 D-enriched sample. If they scale with the 
WARI signal then the 1646 and 1674 G signal would not be expected to be visible 
out of the noise in the 1H sample. The broad 1655 G signal should be visible though. 
The position of the WARI signal was the same in both samples and no 
structure was observed with this signal. As the intensity of the WARI signal was 
greatest in the 2D -enriched sample it was with this sample that angular variation 
experiments were investigated. The signal is seen at half-field meaning that these 
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transitions are likely to be the forbidden Am, =±2 transitions 
has a spin, S>1. 
This implies the defect 
6.5.2 The negative (di)-vacancy-deuterium (2 D-KCL I) complex 
The half-field roadmap constructed as detailed in § 6.5.1 is shown in Figure 
6-7. In order to fit the 2 D-KCLI defect it was assumed the defect had the same 
symmetry as the KCL I defect, shown with EPR to have a trigonal C3, symmetry [7]. 
The Spin Hamiltonian parameters for KCLI were used as initial starting parameters 
but with the hyperfine interaction scaled by9D/9H. Deuterium is an atom with nuclear 
spin, I=1 [7]. There are three transitions that correspond to the forbidden transition 
rules Am, =±2, Ami = 0. It is therefore expected that three lines should be observed 
due to the hyperfine interaction (A). The predicted hyperfine values are shown in 
Table 6-4 below. 
Measured A-values for KCL I Predicted A -values for 
2 D-KCLI 
All (MHz) 1.10(5) along <I I I> 0.17(5) along <I I I> 
A_L (MHz) 1.95(5) 0.30(5) 
Table 6-4: Table comparing the measured hyperfine values (A-values) for the KCLI defect 121, 
with the predicted values for the 2 D-KCL1 defect. Angular brackets denote the direction along 
which the interaction is quantised. 
After compensating for the different microwave frequencies the field positions 
of each line was carefully recorded and it was these line positions that were used in 
the fitting. The intensities of the individual lines were used as a guide to assign the 
different site transitions. The fit obtained using EPR-NMR for 2 D-KCLI defect, 
shown in Figure 6-7, had a sum of the squares error (in field positions) comparable to 
that of NV-, fit in the same manner using known Hamiltonian parameters. 
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Figure 6-7: Half field roadmap from 10011 in a (110) plane of a D-doped SC-CVD diamond using 
RT X-band EPR. A modulation of 0.5 G was used with a microwave attenuation of 28 dB. Any 
shifts due to different microwave frequencies have been compensated for. 
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The blue lines show 
the simulation of all four sites (see the key for corresponding sites) for the D-KCLI defect with 
parameters shown in Table 6-5. 
No hyperfine splitting was observed in the 2 D-KCLI spectrum in Figure 6-6. 
Simulations of 2 D-KCLI using a linewidth equal to the modulation (0.5 G) with the 
A-parameters predicted in Table 6-4 do not predict that any splitting would be 
observed as the modulation amplitude is greater then the magnitude of any splitting. 
When simulating at 0.1 G the hyperfine interaction is predicted to have split the line 
into three resolvable lines. The effect of the quadrupole interaction (P) was simulated 
at ever increasing magnitudes of P11. There was no observable effect when simulating 
with a linewidth equal to the modulation. When simulating with a linewidth of 0.1 G 
it was observed that as P11 (= 3/ 2p Z) increased the magnitude of the hyperfine splitting 
decreased (i. e. the lines converged), however since a hyperfine splitting has not 
experimentally been observed it is not possible to measure the effect of the 
quadrupole interaction either. The data presented in this thesis are therefore 
insensitive to either A or P for the 2 D-KCL I defect and so only the g and D matrices 
have been investigated. 
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6.5.3 The WARI signal 
it is likely that the WARI signal is also from a forbidden transition from an 
S=I defect with a similar g-value and a similar, but smaller D-value than NV- and 
KCLL Here the D-value refers to the zero field splitting term; this is expected to be 
smaller than that for NV- or KCLI as the WARI signal is found closer (in line 
position) to the half-field position than either the NV- or KCLI forbidden transitions 
with respect to the allowed transitions. 
6.5.3.1 Forbidden transitions 
The WARI signal is very weak at 34 dB, an attenuation previously used as an 
optimum compromise between the NV- and KCLI signals. The WARI signal is a 
maximum at - 28 dB before the signal is observed to saturate rapidly. This narrow 
attenuation window of observation, coupled with the relative weakness of the signal 
perhaps explains why it has not been observed before. The peak to peak linewidth of 
the WARI signal in the sample grown with 2 D-rich source gasses is - 0.8 G when a 
0.5 G modulation is used. No observable hyperfine structure is detected. It is 
unknown if any structure would be observed if the modulation were lowered but due 
to the broad lineshape and weak intensity it is probable that any significant reduction 
in modulation (say to 0.1 G) would result in unfeasibly long scanning times. 
The WARI forbidden transitions, observed as the 2 D-doped sample was 
rotated in a ý1101 plane were fitted using EPR-NMR. As the WARI lines are 
observed in the spectral vicinity of the forbidden KCLI signal the g and D values of 
the KCLI defect were used as initial starting conditions. A trigonal C3, model 
produced a close fit to the data but failed to account for all the lines as the sample was 
rotated in afI 10 1 plane. This suggests it may be a slightly distorted C3, site with 
either a defect axis aligned close to, but not exactly along the <1 I 1> direction, or a 
slightly non-axial zero field splitting term. The principal axis for the defect was 
rotated in a (I 10) plane by a small angle 60 and axial symmetry was assumed to be 
maintained for the purposes of the current fit. This distortion lowers the symmetry 
from C3, to CI h and requires an increase from 4 to 12 sites [3 9]. When BI 
I[ I 101 it was 
found that a 60 z 2.2' predicted a separation of the transitions from site I and site 2 
that was close to the experimental observation; two roughly equally intense lines. 
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Figure 6-8: Half-field roadmap from 10011 in a 11101 plane of a2 D-doped SC-CVD diamond 
using RT X-band EPR. A modulation of 0.5 G was used with a microwave attenuation of 28 dB. 
Any shifts due to different microwave frequencies have been compensated for. The curves show 
the simulation of all 12 sites for the WAR1 defect (see key) with parameters shown in Table 6-5. 
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Figure 6-9: Plot showing the intensity of the forbidden half-field transitions, simulated at 
9.75 GHz for the WARI defect (using parameters listed in Table 6-5) as the sample is rotated 
from 10011 to 11101 in a 11101 plane. Note that the intensities for certain sites are identical and 
the intensities from all sites drop to zero along certain directions. 
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Figure 6-10: Half-field roadmap from [0011 in a (110) plane of a2 D-doped SC-CVD diamond 
using RT X-band EPR. A modulation of 0.5 G was used with a microwave attenuation of 28 dB. 
Any shifts due to different microwave frequencies have been compensated for. The black dotted 
lines show the simulation for the NV- defect, the blue lines show the simulation/fit for the 2 D- 
KCLI defect and the red lines show the simulation/fit for the WAR1 defect with parameters 
shown in Table 6-5. 
Figure 6-10 shows the same angular variation data presented in Figure 6-7 and 
Figure 6-8 overlaid with the simulated angular variations of the forbidden 2 D-KCLI 
and WARI signals. The plot also shows the simulated position of all transitions from 
the NV_ defect in this range. The hyperfine and quadrupole interactions give the 
observed NV- signal a fairly complicated and broad structure. The NV_ simulation 
seems to agree well with the observed transitions, indicating that the samples have 
been oriented to a high degree of precision. It should be remembered however that 
these forbidden transitions do not move as quickly (in field position) upon rotation as 
the allowed transitions and are therefore less susceptible to any small mis-orientations 
i. e. half field is not a good measure of a mis-orientation. The intensity of the signals 
occurring from the different sites also change as the sample is rotated, this is a result 
of spin-state mixing and was discussed in Chapter 3: Theory. All three signals show 
similar behaviour and the relative intensities of the transitions occurring 
from the 
WARI defect are shown in Figure 6-9. 
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6.5.3.2 Allowed transitions 
So far only the half-field forbidden transitions have been observed. It might 
be expected that allowed transitions originating from the same defect would have a 
greater intensity. The fit to the forbidden transitions pennitted the positions of the 
allowed transitions to be calculated. When looking at the forbidden transitions site I 
has zero intensity when BI I[ 111 ]. The allowed transition from site I however does 
not, and it is not changing in spectral position quickly with change in angle. As this 
region is from only one site the added complication of multiple converging lines 
originating from the other sites is also removed. The observed position of the allowed 
site 1 lines when BI I[ II I] permitted the refinement of the initial fit (an improvement 
in the sum of the squares). The spin Hamiltonian parameters for the g and D-values 
fitted for the WARI signal are listed in Table 6-5 along with the other signals 
observed in the spectral vicinity for reference. 
NV- (C3, ) KCLI (C3, ) 2D-KCLI (C3v) WARI (Clhý pseudo-C3v) 
911 2.0029(2) 2.0034(3) 2.0031(5) 2.0035(5) 
91 2.0027(2) 2.0022(3) 2.0028(5) 2.0030(5) 
DI, MHz) 1915(5) ± 1804(20) ± 1793(40) ± 1644(40) 
Table 6-5: Table showing the calculated g and D parameters for the observed half field signals. 
The NV- and KCLI parameters are from reference [7]. Both g1l and DII lie in the <1 I I> direction 
for the NV-, KCL1 and 2 D-KCLI defects. The direction along which these interactions lie for the 
WARI defect is - 2.21 from <111> in a 11101 plane, axial symmetry is assumed. DII is calculated 
using the relation for an axially symmetric defect; D11= 3 12 Dz (note that. Dx = Dy =- 1/2 Dz) 1401. 
The angular variation roadmap in afI 10 1 plane for the allowed transitions for 
the defects in Table 6-5 are plotted in Figure 6-11 below. The simulations for the 
forbidden half field transitions have already been shown in Figure 6-7, Figure 6-8 and 
Figure 6-10 overlaid on the experimental data. 
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Figure 6-11: Plot showing the simulated angular dependence of the allowed transitions at 9.75 GHz for the WARI, NV-, KCLI and 2 D-KCLI defects as the sample is rotated from 11001 to 
11101 in a 11101 plane. Simulations have been performed using EPR-NMR using the parameters 
listed in Table 6-5. 
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Figure 6-12: Plot showing the RT EPR allowed transitions at X-band frequency of the allowed 
(highest and lowest field) transitions of the WARI, NV- and 2 D-KCLI defects in the 2 D-doped 
sample. The spectra were recorded with a modulation of 2.0 G with B1111111. 
The WARI signal shown in Figure 6-12 is from the highest and lowest field 
transitions which only involve site 1. The peak to peak linewidth of this line is 
5.0(5) G when a 4.0 G modulation is used. The allowed WARI signal shows a 
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maximum signal to noise ratio between 44 and 38 dB attenuation in the 2 D-doped 
sample. The signal quickly saturates at powers greater than this and is very weak at 
powers less than this. This narrow (attenuation) window of observation, coupled with 
the relative weakness of the signal and the broad linewidth explain why the WARI 
defect has not been observed before. 
6.6 Discussion 
Within the limits of experimental error it is not possible to distinguish between 
the g and D spin Hamiltonian parameters for KCLI and 2 D-KCLL The KCLI 
parameters were in-fact used as the initial starting parameters for the EPR-NMR 
software to optimise. The lineshape of the forbidden transition with B11[001] indicates 
the simultaneous presence of KCLI and 2 D-KCLI complexes but the small shifts 
make resolving the two lineshapes difficult. The saturation behaviours for the two 
defects are suggested to be different and the 2 D-KCLI signal is thought to be 
saturated at the microwave powers experimentally used. It is highly unlikely the 
shape of the forbidden transition is as a result of any hyperfine interaction with a2 D- 
KCL1 defect as this interaction is expected to be negligible. Simulations predict that 
the maximum splitting due to a hyperfine interaction is - 0.25 G. Such a splitting 
would be obscured at the level of modulation required to observe the line. 
2 D-KCLI involves deuterium, an atom with a nuclear spin I=1. This defect 
should therefore have a quadrupole interaction. Within experimental limits it is not 
possible to measure the magnitude of any quadrupole interaction for the 
2 D-KCLI 
defect and therefore it is unknown what the magnitude of any quadrupole interaction 
may be for the 2 D-KCLI defect. 
The unaccounted lines at 1646,1655 and 1674 G are not likely to be 
associated with the 2 D-KCLI defect. Any association with 
2 D-KCLI or WARI could 
be assessed by correlating the intensities of these lines with 
2 D-KCLI or WARI in a 
variety of samples. It is unknown if all deuterated samples contain WARI as only a 
single sample has been investigated in this study. An as-grown deuterated sample 
without the WARI defect would help to establish if (and which) lines are associated 
with WARI or confirm that the lines are not associated with WARL WARI can 
be 
removed by annealing at - 1400 - 1500T and it is a more stable 
defect than KCLI, 
and presumably therefore 
2 D-KCLL 
1, 
I.., 
The value of D was calculated from the second order effects on the half-field 
transitions assuming S=1. This also predicted the correct positions (within the limits 
of error) of the allowed transitions proving that S =1. As the sample was rotated in 
the (I 10) plane the allowed transitions quickly split and move making observation 
difficult. At orientations close to [I I I] the inner transitions (as shown in Figure 6-11) 
can move by up to 17 G for every I" from [I I I] in the (I 10) plane. Such a small 
change in the alignment of the magnetic field has a negligible effect on the outer 
transitions that change (in field position) very slowly near the [I I I] crystallographic 
direction. For this reason the only allowed transitions that have been studied are the 
outermost transitions when the magnetic field is very close to the [111] 
crystallographic direction. All data collected for the WARI and 2 D-KCL I defects 
were aligned in the same way, using the observable N, O signal as a guide. This may 
lead to an error that may not be detectable using our current internal field calibrators 
(NV-); these half-field signals are not susceptible to small changes in magnetic field 
direction. 
The broad lineshape, narrow attenuation "window" of observation and the 
relative weakness of WARI explain why this signal is not routinely observed. Unless 
the optimum conditions are chosen the signal will either be too weak to notice above 
the noise or it will have saturated and broadened to an extent whereby it is again 
hidden by the noise. It is unknown if the broad lineshape observed for the allowed 
transitions are due to hidden structure (hyperfine or otherwise), multiple site 
transitions or something more complicated (a spread of D-values for example). 
At present it is not possible to deduce a definitive model for the WARI defect. 
A trigonal C3, model failed to account for all the experimentally observed splittings. 
A Clh (pseudo-C3, ) model using the same parameters for g and D from the original 
C3, symmetry fit suggests that the theory of a small distortion from a <1 I 1> principal 
axis seems to explain the data. It has been assumed that D is axially symmetric but 
this is not necessarily true. It is not simple to produce or explain such a slight 
departure from a C3, symmetry that also explains the increased stability of WARI 
when compared to KCLL A neighbouring site could explain the increased stability 
but would produce a large distortion. A distant site might explain a small distortion 
but would not have an appreciable impact on the increase in stability. The similarities 
in symmetry and spin Hamiltonian parameters with NV- and KCLI suggest that 
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WARI also has a similar structure. The WARI defect is likely to be another vacancy 
related centre. The D-value listed in Table 6-5 for WARI indicates it is another 
variant of four electrons in three dangling bonds neighbouring a vacancy, i. e. a 
negative vacancy surrounded by three carbons with an unknown fourth "comer"), X- 
(CM 141]. 
The nature of the fourth comer, or ligand, is not obvious. It is not N as this 
would form the NV- centre. Assuming the model proposed by Glover et al [2] is 
correct then H can also be excluded, it cannot be VHO as this defect would have a spin 
of 1/2 and VH_ has already been assigned. A heavy atom is likely to produce aC3, 
symmetry. If the defect is truly non-trigonal (i. e. has Clh symmetry) and H is 
excluded as a candidate then the only obvious choice left is another vacancy. Perhaps 
the WARI defect is the V2H- defect proposed by Shaw et al [3,4] and the model 
proposed by Glover et al [2] for the KCL I signal of VH_ is correct, or vice-versa. As 
there is very little change in line positions or fine structure between 2 D-KCLI and 
KCLI it might also be expected that the same is true for the line positions and EPR 
structure with the WARI signal in the 1H and 2D samples, explaining the similar 
lineshapes in both samples. 
If the formation of these defects is vacancy limited, as is suggested in Chapter 
5, then one would expect the VH_ defect to have a more probable chance of forming 
thanV2H-. A paper by Baker [17] highlights that when vacancy related defects 
(chains, disks etc. ) are formed one might also expect to see the pre-cursor steps in the 
defect's formation. Using the same idea it might be expected thatif V2H_ were grown 
into a sample then a possible formation mechanism is the capture of a vacancy by a 
VH_ complex. If this process were vacancy limited then it would be expected that 
undecorated VH- defects would still be present in as grown material. If this is true 
then it would be expected that irradiation and annealing would increase the 
concentration of vacancies, reduce the concentration of VH- centres and increase the 
concentrationOf V2H- centres. However, these defects are most commonly detected 
in N-doped SC-CVD material; the presence of large concentrations of Nso may hinder 
any observed changes if Ns acts as a more efficient vacancy trap [ 18]. 
If a staticV2H- model were used then one might expect the hydrogen could 
tunnel or hop between 3 C-H bond configurations as the temperature were increased; 
such models are predicted theoretically [16]. If this were the case then the observed 
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symmetry would beC3, - This could easily be observed with B11[l 10] if the two lines 
at 1673 and 1679 G merge at high temperature. 
6.7 Conclusions 
The g and D spin Hamiltonian parameters were determined for the S=1,2 D- 
KCLI defect; within the limits of experimental error it is not possible to differentiate 
between the 2D and 1H versions of this defect. Both 2 D-KCLI and KCLI have a 
trigonal (C3, ) symmetry. The EPR data suggest that the 2 D-KCLI and KCLI defects 
have different saturation behaviours. 
The g and D spin Hamiltonian parameters were determined for the previously 
unreported WARI defect, which was deten-nined to have a Clh (pseudo-C3, ) 
symmetry and an overall spin, S=1. No hyperfine structure has been observed with 
the WARI defect but this might be a result of the experimental parameters used. It 
seems likely that the WARI defect has a similar, but perturbed structure to the NV- 
and KCL I defects however a model for the defect has not been assigned. 
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Chapter 7 
7 
7.1 
Studies of the negative nitrogen-vacancy- 
hydrogen complex and the 3123 cm-1 
absorption line 
Background and motivation for study 
The negative nitrogen-vacancy-hydrogen complex, NVH-, was identified in 
single crystal CVD (SC-CVD) diamond using electron paramagnetic resonance (EPR) 
[1]. The defect has not been observed in either natural or HPHT synthetic diamond. 
Theoretical predictions suggest the NVH- complex would be strongly bound in 
diamond; the hydrogen effectively pinning a nitrogen-vacancy, NV defect [2,3]. It is 
known that NV centres can be mobile at 1500'C [4]. NVH_ was observed to have a 
trigonal C3, symmetry using X-band (- 9.75 GHz) EPR spectroscopy [1]. In this 
model the hydrogen is located along a <1 I 1> axis although the exact bonding was not 
determined. Theoretical predictions calculate that a model where the hydrogen is 
bonded to a nitrogen atom (along a <1 I 1> axis) is unstable and it is instead proposed 
that a model where the hydrogen is bonded to a carbon atom, where the observed 
trigonal symmetry is a result of a dynamic superposition of three equivalent Clh 
(monoclinic 1) configurations [5,6,7]. The dynamic model proposes that the 
hydrogen atom in the NVH- complex quantum mechanically tunnels between the 
three carbon atoms with a rapid tunnelling frequency, relocalising every - 10- 
11s, an 
order of magnitude faster than the resolution timescale of EPR experiments [8]. It 
was also noted that if the symmetry could be determined from an optical experiment 
then a lower symmetry might be observed [8]. The NVH- defect is predicted to be 
infra-red (IR) active since there are no symmetry selection rules (for either the C3, or 
Clh point groups) that prevent observation [7]. The local vibrational mode (LVM), 
originating from a C-H stretch mode for the ground state of negative and neutral 
charge states of the NVH defect are estimated to be at - 2827 cm-1 and - 2697 cm- 
I 
respectively, however, it is acknowledged that these predictions are at best semi- 
quantitative and therefore there is a large uncertainty associated with the absolute 
values of these figures [7]. Upon isotopic substitution with 
13C the modes are 
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predicted to experience a red shift of 8 cm-'; consistent with a hannonic oscillator 
model [7]. There is no comment about the expected effective charge or oscillator 
strength for this vibrational mode. To date no optical absorption line has been 
attributed to the NVH- complex. 
Evidence for the neutral -nitrogen-vacancy centre, NVHO, was presented in 
Chapter 5 of this thesis where it was inferred that concentration changes between 
NVH- and the neutral single substitutional nitrogen defect, N, O, were due to then-nally 
stimulated charge transfers. These charge transfers were only observed in samples 
that had been annealed at temperatures < 1200'C. 
The NVH- defect is known to have annealed out by 1900'C as shown by the 
HPHT annealing work of Charles et al [9] but to date little work has been completed 
on SC-CVD diamond annealed below this temperature. The annealing mechanism for 
NVH- is unknown; it is possible that the defect captures a mobile species, the defect 
migrates as a unit to a sink (such as the surface or another defect) or one of the 
constituent components of the defect is expelled. 
At 1900'C the isolated single nitrogen defect, N, is mobile and nitrogen 
aggregates could potentially form [10]. Nitrogen aggregation has been observed at 
significantly lower temperatures at 1500'C [4]; temperatures at which the mobility of 
N, is negligible [10]. Collins [4] showed that the presence of isolated vacancies, 
which are known by Lawson et al [I I] to be mobile above - 700'C, greatly enhanced 
the aggregation of nitrogen; NV centres can combine with Ns defects to form 
metastable NVN nitrogen aggregates which would expel the vacancy leaving N2, 
better known as A-centres [12,13]. The vacancy could then be caught by another N, 
defect (isolated nitrogen atoms are better vacancy-traps than nitrogen aggregates) and 
start the process again [4]. A single vacancy can be recycled many times in this 
fashion in natural type I diamond. This process is described by the following 
reactions: 
NV + N, 4 NVN 4A+V, 
N, +V4 NV. (7-I) 
It can be seen from (7-1) that this migration mechanism/cycle might be 
expected to happen if the NVI-F complex were to expel either a vacancy or a nitrogen- 
vacancy. If the NVH- complex were to expel a VH- centre one might expect the N, 
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concentration to rise. It is known from Chapter 6 of this thesis that VH- is removed 
by annealing at temperatures ý! 1300'C (assuming the model proposed by Glover et al 
[14] is correct). 
The NVNO centre, also referred to as "HP, is identified by a zero-phonon-line 
(ZPL) at 2.463 eV [15]. The NVN- centre also referred to as "H2", is identified by a 
ZPL at 1.257 eV and a LVM at 1.424 eV [16,17]. Both charge states of the NVN 
centre have been observed simultaneously in diamond [ 18]. 
The 3123 cm-1 optical absorption line is removed after HPHT annealing at 
1900'C [9]. The 3123 cm-1 absorption line, located in the C-H stretch band region in 
the mid-infra-red (MIR), is routinely observed in nitrogen doped SC-CVD diamond 
[19,20]. The line has yet to be positively identified. The line was studied via 
isotopic substitution with deuterium and determined to be a vibration involving a 
single hydrogen atom [21,22]. The line had disappeared in a completely deuterated 
sample; this was attributed to shifting of the band into resonance with the two phonon 
bands and subsequent lifetime broadening of the line. Further isotopic substitution 
with 15 N and 13 C determined that the centre also involves a single carbon atom (a red 
shift of -9 cm-1 was observed in a sample grown with 13 C enriched source gasses; the 
shift is consistent with a harmonic oscillator prediction) but there was no evidence for 
any participation with nitrogen. Care must be taken when interpreting a lack of shift 
upon isotopic substitution: it does not unambiguously imply that that impurity atom is 
not incorporated in the defect (responsible for the absorption line) under study; 
instead it implies that the isotope is not involved in the mode of vibration being 
observed. The determination that only a single carbon atom was involved ruled out 
the possibility of the bond centred hydrogen interstitial, HBC, being responsible for the 
absorption line at 3123 cm-1 [21,221. The linewidth of the 3123 cm-1 when fitted to a 
Lorentzian line is 3.8(2) cm-1 and it is therefore suitable to study using uniaxial-stress. 
The term "uniaxial-stress" in this thesis refers to uniaxial stress used in 
conjunction with optical absorption. In order to analyse the results of uniaxial-stress 
measurements it is necessary to observe the shifts and splittings of the absorption 
lines. Only narrow lines show resolved stress splittings and a paper by Runciman 
1 [23] limits the discussion to lines with a linewidth of less than 50 cm- . The theory of 
uniaxial-stress when applied to cubic crystals has been comprehensively documented 
[24,25,26]. The three main characteristics of uniaxial/deformation splitting are: the 
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number of stress split components, the shift/displacement of the lines from their 
position (energy/frequency of transition) in an unstressed crystal and the intensitýý of 
the polarised stress-split component [24,25]. A table in the paper by Runciman [23] 
lists the possible number of stress-split components but a comprehensive study by 
Mohammed et al [27] lists tables detailing the shift/displacements of the lines from 
their zero-stress frequencies and calculates the relative intensities of the polarised 
stress-split components. 
Given this background, this thesis tries to answer at least three questions: 
(1) When does the defect identified as NVH- anneal out? 
(2) Are the constituent components expelled from the NVH- complexes 
prior to migration or does the complex migrate as a unit? 
(3) Does the NVH- complex correlate with any optical absorption signal, 
e. g. the 3123 cm-1 MIR absorption line? 
If the answer to (3) is yes then this thesis will be further motivated to answer 
the following question: 
(4) What is the symmetry of the defect responsible for the C-H stretch 
vibration that correlates with the NVH- complex and is the symmetry 
consistent with that determined for the paramagnetic NVH- defect? 
7.2 Samples and experiments 
A suite of three SC-CVD diamonds have been isochronally annealed between 
900 - 1600'C. For the purposes of this chapter these three samples shall collectively 
be referred to as set of samples "A" and the as-grown defect concentrations, as 
measured by FTIR and EPR spectroscopy, are listed below in Table 7-1. The samples 
were first annealed for 2 hours at 900'C and subsequently annealed in 100'C 
increments (for 2 hours at each increment) up to 1600'C. The samples were annealed 
for a total of four hours at 1600'C. Note that 1600'C is the limit for annealing at 
ambient pressure, at higher temperatures the samples would graphitise [28]. Further 
details of the furnace and temperature measurements are found in Chapter 4: 
And the background listed in Chapter 6. 
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Experimental details. Table 7-1 shows the concentrations after annealing at 1200'C: 
below this temperature there was no evidence that either NVH- or the 3123 cm-' 
absorption line anneal out, but charge transfers between defects were possible. 
Sample ID [N, +I (ppni) [N, O] (ppm) [NVH-j (ppm) 3123 cm-1 (CM-2) 
Al 5.3(l. 0) 1.80(20) 1.00(10) 3.1(3) 
A2 1.5(3) 0.54(5) 0.24(3) 1.4(2) 
A3 1.0(3) 0.59(6) 0.20(3) 1.0(3) 
Table 7-1: Table showing the Ns+, Ný, 0 and NVH- defect concentrations as determined by RT EPR 
and FTIR for the three SC-CVD diamond samples used during isochronal annealing studies. 
The table shows the concentrations after the anneal at 1200'C. The integrated intensity of the 
3123 cm-1 MIR absorption line is also shown as determined from RT FTIR spectroscopy. 
Two nitrogen doped SC-CVD diamonds, were oriented using a combination of 
observation of final growth morphology and X-ray techniques, and then cut and 
polished by Mr. Chris Kelly at the DTC research centre, Maidenhead. One sample 
was prepared such that stress could be applied along the <00 I >, <II O> and <II O> 
directions. The second sample was oriented such that stress could be applied along 
the <III >ý <II O> and < 112 >. The details of the uniaxial-stress cell are found in 
Chapter 4: Experimental details, along with diagrams illustrating the dimensions and 
alignments of the two SC-CVD diamonds used for uniaxial stress. The samples were 
both determined to have N, O concentrations of 5.0(4) ppm by RT EPR however both 
samples had visible brown bands and are therefore described as being optically 
inhomogeneous making correlation comparisons unreliable. Both samples showed 
strong absorption of hydrogen related features (e. g. at 3123 cm-1,3324 cm-1 etc. ), the 
inhomogeneity therefore was not important for the purposes of this study. 
7.3 Annealing of NVIF and 3123 cm-1 
From the isochronal annealing experiments it was observed that the NVFF 
defect and the 3123 cm-1 line both annealed out over the same temperature range. 
The 
integrated intensity of the 3123 cm-1 line was compared to the concentration of the 
NVH- paramagnetic defect as determined by EPR spectroscopy. 
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Figure 7-1: A plot showing an example of the annealing behaviour of the NVH- defect as 
measured by EPR (shown by closed black circles) and the 3123 cm-, absorption line (shown by 
open red squares). All measurements were made at RT. The scales have been adjusted such that 
both data are coincident at T= 1200'C. 
Within experimental error both the NVH- defect and the 3123 cm-1 absorption 
line show the same relative decrease in concentration/intensity at each stage of the 
annealing process. Within error it can also be argued that there is no evidence that 
either the NVH- centre or the 3123 cm-1 absorption line anneal out before annealing at 
1500'C. It is noted that the NV- defect also anneals out at temperatures ý: 1500'C [4, 
Chapter 6 of this thesis]. It is therefore not fair to say that hydrogen pins an NVH- 
centre. After annealing for 4 hours at 1600'C the NVH- concentration is - '/2 the 
concentration after annealing at 1200'C. A decrease in the concentration of N, 
0, as 
measured by RT EPR, is also observed in these samples, the magnitude of which is 
similar (within the uncertainty of the measurements it is the same) to the decrease in 
[NVH-]. The estimates of N, + from RT IR measurements suggest the Ns+ content has 
fallen to 2.6(5), 0.7(2) and 0.6(2) ppm for samples Al, A2 and A3 respectively after 
annealing at 1600'C. This is - 1/2 the concentration estimated after annealing at 
1200'C. It appears therefore that there is a small loss in the total single nitrogen 
content in sample set "A" that occurs as the NVH- defect starts to anneal out. 
There is insufficient data to fit even a reasonable estimate for the annealing 
kinetics. Isothennal annealing in the range 1500 - 1700'C would allow the kinetics 
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of this process to be determined however this would probably necessitate the use of a 
stabilising pressure to avoid graphitising the samples. 
7.3.1 Correlation with [NVH-] 
All samples that contained the 3123 cm-1 absorption line also contained the 
NVH_ defect. The integrated intensity of the 3123 cm-1 line was compared to the 
concentration of NVH_ centres as determined by EPR; the results are shown below in 
Figure 7-2. The plot includes data from fifteen "as-grown" samples in which both the 
3123 cm-1 and NVH_ were detected, sample set "A", annealed between 900 and 
1600'C, and a suite of four SC-CVD diamonds referred to as sample set B in Chapter 
6, that were isothermally annealed in the range I 100 - 13 OO'C. One of these samples 
was doped with 15 N (i. e. was grown with 15 N2 in the gas phase), irradiated with 
2 MeV electrons to a dose of - 1018 CM-2 and annealed at 800'C for four hours to 
produce NV centres prior to subsequent annealing [29]. There is no evidence that this 
treatment leads to an increase in the concentration of NVH- defects. 
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Figure 7-2: Plot showing a correlation between the integrated intensity of the 3123 em-1 IR 
absorption line and the concentration of NVH- centres as determined by EPR. 
The plot shows 
annealed (red squares), as grown (black circles) and irradiated & annealed (blue triangles) 
data 
points. The green line is a linear fit constrained to pass through the origin with a gradient of 
3.3(9) CM-2 PPM-1. 
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7.3.2 Discussion of MIR annealing results 
There is evidence to suggest that the 3123 cm-1 absorption line is caused by 
the NVH- defect. The correlation between the 3123 cm-1 absorption line and the 
NVH- defect provides good (the Pearson's product correlation coefficient value of R 
> 0.95), but not conclusive evidence that that the absorption is caused by the NVH- 
defect. If the absorption is due to NVH- centres then according to the gradient in 
Figure 7-2,1 CM-2 of absorption is caused by 0.30(9) ppm of NVH-. This equates to 
saying that for a peak with linewidth = 3.8(2) cm-1, a peak height of I cm-1 is caused 
by 25(10) pprn of NVH_. This is similar to the strength of absorption per unit 
concentration at 1344 cm-1, corresponding to a defect concentration of 25(5) ppm of 
N, 0 per cm-' [3 0]. 
The intensity of the 3123 cm- I absorption line has been seen to increase upon 
annealing at modest temperatures. It is possible that this is due to a complicated 
annealing mechanism like that shown by De Weerdt and Collins [31] who annealed 
the 3107 cm-1 absorption line in natural diamond (this line initially increased in 
concentration before decaying at temperatures > 2000'C). It is thought more likely 
however that the changes in concentrations are due to thermally stimulated charge 
transfer. Such an effect has been observed with charge transfer between NVHO1- and 
N, 01+ (see for example Chapter 5 of this thesis). The 3123 cm-1 line and NVH- defects 
do not start to anneal out until 1200'C and then the rate of decay is small with - 90% 
of the initial intensity/concentration remaining after annealing; within the limits or 
uncertainty it can be argued that there is no evidence they anneal out until after 
annealing at 1500'C. 
The prediction by Goss et al [7] is consistent with the 3123 cm-1 absorption 
line being a LVM from a C-H stretch vibration at an NVH- centre. The predicted 
shift of the line when 12C is substituted with 13C was observed experimentally [21, 
22]. Work presented in Chapter 5 of this thesis suggests that the NVHO defect may 
also be present. Theoretical predictions suggest this defect would be located 
- 130 cm-1 lower in energy than that of the NVH- vibration [7]. There are no obvious 
peaks at this energy in any of the samples studied; it may be that the line is very broad 
or is located and hence masked in the large broad band between 2850 and 3000 cm-1 
and hence efforts to resolve and correlate/locate it have so far failed. If the NVHO has 
a similar oscillator strength to NVI-F then the intensity of this peak might be expected 
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to be smaller than that of NVH- (since the majority of NVH centres are expected to be 
in the negative charge state in samples containing single nitrogen centres). Perhaps 
C-H bend vibrations could be detected? 
If the suggestion that absorption at 3123 cm-1 is due to NVH- centres is 
incorrect and another defect is responsible for the absorption at 3123 cm-1 then it must 
also correlate with [NVH-] over four orders of magnitude (0.1 - 1,000 ppb). 
As the NVH- defect anneals out a decrease in the single nitrogen content was 
observed. Comparing the concentrations post 12000C annealing and post 1600'C 
annealing showed that the absolute decrease in NVH- centres was similar to the 
absolute decrease in N, O centres and the relative decrease in NVH- centres was 
comparable to the relative decrease of N, + centres. The NV- centres have annealed 
out by 1500'C so it is known that the samples are in a regime whereby vacancy 
assisted aggregation of nitrogen is possible [4]. Could the apparent loss of single 
nitrogen defects result from the formation of A-centres or NVN centres? There is no 
evidence from IR measurements for A-centres, however the detection limit for A- 
centres is estimated at a few ppm. It is possible that the level of A-centres is below 
our detection limits. Perhaps the conversion is not perfect and there are some 
intermediate steps still present i. e. NVN (1-13) centres. It is however unknown if such 
aggregates are present in these samples. The SC-CVD material studied in this thesis 
has less single nitrogen defects than the natural type I diamonds studied by Collins [4] 
(typically by a factor of - 10-3) so the proportion of vacancies that could migrate to 
other sinks such as the surface would be expected to be higher. It is unlikely therefore 
that any NVN centres would be observed after annealing unless there is a large flux of 
vacancies. It is unknown if the source of vacancies would solely arise from vacancy- 
complexes (NV, NVH etc. ) or if there is a larger reservoir i. e. vacancy aggregates 
(chains, clusters etc. ). 
7.4 Uniaxial-stress measurements of the 3123 cm-1 absorption line 
If the NVH- defect is responsible for absorption at 3123 cm- 
I then it is 
expected that either a trigonal (C3, ) or a monoclinic I (CIh) symmetry would be 
observed [1,7]. Figure 7-3 shows experimental uniaxial-stress data for the 3123 cm-, 
absorption line and the magnitude of the shifts of the split lines are plotted in Figure 
7-4 where the lines show a least squares fit to the proposed transition and symmetry. 
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Figure 7-3: Plots showing 3123 cm-1 stress data with a) cFJ110011, b) all[1101, c) all[IIII. The 
(black) dashed spectra at the bottom of each data set shows the un-polarised spectra at zero 
stress and the remaining two spectra in each data set show the polarised spectra at maximum 
stress. a=2.9,3.0, and 3.2 GPa for data sets a) - c) respectively. The (blue) solid data at the top 
of each data set with Ella and the (red) solid data in the middle shows the spectra with E-La. For 
(Y1111 101 results imply that the perpendicular polarisation is parallel to 11101. The positions of 
theoretical stress data (as given in Table 7-2 and Table 7-3) are shown by vertical lines the 
magnitude of which are labelled in the diagram (predicted using an angle of 0= 54.73' as shown 
in Figure 7-5). Lines that are predicted to have zero intensity are not shown. The lines above the 
horizontal line correspond to Ella and those below the line correspond to EJ-a. 
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Figure 7-4: Plots showing the positions of the stress induced shifts and splittings of the 3123 cm- 
with a) crI110011, b) (Y11[1101 and c) cY1111111. Open circles show lines that are present when E11cr 
and the black squares show lines that are present when E-Lcy. The lines labelled c9A - w, 
correspond to the transitions labelled in Table 7-2. The lines are a least squares theoretical fit to 
an A4A transition at a monoclinic I centre. A dashed line indicates the line only appears when 
Ellcy and a dotted line indicates the line only appears when E-Lcy. If a transition occurs in 
both 
polarisations this is shown by a solid line. 
The spectra with crll[001] (Figure 7-3, plot a)) show two distinct lines. This 
immediately rules out the possibility of an A --) A transition at a trigonal centre 
[23]. 
The spectra look identical in both polarisations; the ratio 
between the low 
wavenumber and high wavenumber line are the same within the 
limits of 
experimental error. From the tables in Mohammed et al 
[27] it is also possible to 
discard the possibility of an A4E transition at a trigonal centre. 
A transition from a 
147 
05 10 15 20 2,5 30 
Stress (GPa) 
defect with symmetry of monoclinic type I could account for all the lines however. 
The perturbation to the energy of the optical transitions in a monoclinic I point group, 
can be expressed in terms of four stress parameters, A,, A2, A3 and A4 [24,321. The 
relation between these parameters and the stress tensor is discussed in reference [32]. 
As the irreducible representations of theClhpoint group all transform as singlets none 
of the stress split components should thermalise if the experiment were to be repeated 
at cryogenic temperatures. 
The intensities for the polarised stress split components for a monoclinic I 
centre have been tabulated as a function of 0, the angle between the optically active 
dipole and a plane orthogonal to the primary axis of the defect [32,33]. For a 
monoclinic I centre we denote the primary axis of the defect the Z axis, being normal 
to the reflection plane and lying parallel to the [I 10] crystallographic direction [3 2]. 
The X and Y defect axes are not uniquely defined. 
CTII[OOI] Frequency of transition Intensity of transition 
Ell[001] Ell[] 10] 
O)A ý o)o +A I (Y 4 cos' 0 2 sin 
20 
OB ý 4 +A2 G 4 sin 
20 
2(1 + COS2 0) 
UJI[I 10] Frequency of transition Intensity of transition 
Ell[I 10] Ell[OOI] Ell[I 10] 
O)C ý o)o + V2 (A, + A2 +2 A4) CY I+ COS2 0+ ý2 sin 20 2 sin 
20 1+ COS2 0- ý2 sin 20 
COD ý 0)0 + 02 - A3) CY 2 sin 
20 2 COS2 0 0 
COE = coo + 
V2 (A, + A2 -2 
A4) CY I+ COS2 0- ý2 sin 20 2 sin 
20 1+ COS2 0+ ý2 sin 20 
O)F = COO + 02 + A3) (Y 01 2 COS2 01 2 sin 
20 
CFlj[1 11] Frequency of transition Intensity of transition 
EII[I 11] EII[I 12] 
COG wo + 
1/3 (A, +2 A2 -2 
A3 +4 A4) (Y I +sin 
2 0+ ý2 sin 20 V (I + COS2 2 0- ý2 sin 20) 
OJH wo + 
1/3 (A I+2A2 -2 
A3 
-4 
A4) Cy 
2 I +sin 0- ý2 sin 20 V+ COS2 2,1 0+ 42 sin 20) 
0, 4DO + 
1/3 (A I+2 
A2 +2 A3) (Y 2 COS2 0 2+ sin 
20 
Table 7-2: Table after Bech-Nielsen and Grimmeiss [331, detailing the stress-induced shifts and 
splittings for a transition of monoclinc type 1.4 is the frequency when the magnitude of the 
stress, a=0. The intensities of the transitions are also shown when the electric field vector E is 
polarised either parallel or perpendicular to the direction of cr. The intensity of the transitions 
are plotted as aflO) in Figure 7-5 below. 
To calculate the correct value for 0 it was first noted that the aI1 [00 1] data was 
identical for both parallel and perpendicular polarisations. From Figure 7-5 it can be 
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shown that this will occur when cos 0= 11/3 (0 = 54.74') i. e. a [I III -oriented dipole 
at a [I I 0]-oriented centre. A table listing the relative intensities of the stress split 
components with O= 54-74' can be found in reference [34]. This is the angle between 
the principal axis and the <001> axis. At this angle it can be shown that when 
al I 10] only two lines will be observed if the perpendicular polarisation is parallel to 
[110] as opposed to four lines if it were parallel to the [001] crystallographic 
direction. From Figure 7-5 the observed intensity ratios are predicted for all the other 
different transitions and polarisations and the simulated intensities and line positions 
are shown in Figure 7-3. 
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Figure 7-5: Plots showing the intensities of the stress split components for a monoclinine I system 
with EIIS shown in blue and E-Lcr shown in red for a) cF111001 1, b) cTI111 I 11, c) (: YJJ[1 101 and E111001 I 
and d) (: Ylll 1101 and EIJI I1 01 as a function of 0, the angle between the electric dipole and a plane 
orthogonal to the principal defect axis. These plots were calculated using the formulae listed in 
references 132,331. 
When (YI 1 [00 1] the two lines are predicted to have a relative intensity of 2: 1 in 
both polarisations. Experimentally the lines are found in the ratio of 7(2): 2(l) in both 
polarisations. The intensity ratios can also be used to deten-nine the signs of 
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parameters AI and A2- Within the limits of uncertainty the experimental intensities are 
in agrrement with those predicted. When crII[I 10] the two predicted lines should have 
a relative intensity of 1: 2 with Ella and 2: 1 when E-La. Experimentally this is 
observed with relative intensities of 2(l): 5(2) with Ella and 7(1): 3(1) when F-La. 
The sign of A3can also be inferred. When (YI I[III] the perpendicular polarisation is 
predicted to have a relative intensity between two lines of 1: 2 and this is observed 
experimentally with intensities of 4(l): 9(2). In the parallel direction three lines 
should be observed in the ratio of 9: 2: 1. Experimentally the stress-split components 
are not sufficiently resolved to reliably determine if the intensities match. 
Considering the signal to noise ratio it is unlikely that the smallest line would ever be 
observed. 
Parameter Value 
A, -1.7(3) 
A2 1.8(3) 
A3 0.9(3) 
A4 0.1(3) 
Table 7-3: Experimentally determined stress splitting parameters from the fitting for the 
3123cm-1 absorption line to an A4A transition at a monoclinic I centre, where the angle 
between the electric dipole and a plane orthogonal to the principal defect axis, 0 is taken to be 
54.740, for which the value of A4 iSpositive. All values are expressed in units of cm-1 GPa-. 
7.4.1 Discussion on MIR results 
Uniaxial-stress measurements are consistent with the 3123 cm-1 absorption 
line arising from an A4A transition at a centre with monoclinic I symmetry. This is 
consistent with the theoretical models proposed for the NVH- defect [5,6,7]. One 
needs to explain how two different experimental techniques, EPR and IR, can give 
two separate results. The trigonal result was obtained using EPR on a typical X-band 
EPR timescale [1]. The frequency of the microwaves driving the EPR transition will 
be - 9.75 GHz, therefore the timescale resolution of this measurement will be of the 
order of - 10-10 s. It has been theoretically calculated that the hydrogen atom in the 
NVH- complex will quantum mechanically tunnel between the three carbon atoms 
with a rapid tunnelling frequency, relocalising every - 10-11 s, an order of magnitude 
faster than the resolution timescale of EPR [8]. The IR measurement will however 
have been made on a different timescale; the frequency of the photon driving the 
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transition at 3123 cm-1 will be of the order of (A = v) 1014 Hz. The calculations and 
suggestions made by Kerridge et al [8] seem to be in agreement with the experimental 
result, the motional averaging would not be detected on an EPR timescale as the 
tunnelling happens too rapidly and a trigonal symmetry would be observed. On the 
IR timescale however the tunnelling appears quite slow and so one of the three 
monoclinic, I symmetries would be observed. It might be expected that a monoclinic I 
symmetry would be observed for the NVH- defect using EPR if the 
hopping/tunnelling hydrogen could be frozen in. Recent measurements did not 
provide any evidence for a change of symmetry of the NVH- defect as detected by 
EPR when cooling down to 4K [35]. Perhaps uniaxial stress used in conjunction with 
EPR might detect a change in symmetry? 
If the 3123 cm-1 originates from the NVH- centre then the work by Fuchs et al 
[5,6] implies that nitrogen is not involved in this mode, however, the presence of 
nitrogen cannot be excluded from the defect. Any shift due to a substitution of 
nitrogen isotope would be negligible [36]. The isotopic substitution data is consistent 
with an NVH- model whereby the hydrogen is directly bonded to one of the three 
carbons. 
It is not possible to distinguish between dipoles at angles 0 and ;T-0 unless 
the sign of parameter A4 is known. Simultaneous substitution of 0 with ;T-0 and A4 
with -A4 leaves the stress spectra unchanged [32]. It was assumed that 0 =: 54.74' in 
which case the value of A4 is positive but this is ambiguous. The value of A4 is very 
small compared to either A,, A2or A3and within experimental error it could be argued 
it is zero. A rhombic I (i. e. C2) symmetry can be defined using only the parameters 
A,, A2 and A3 and the line positions and splittings would be consistent however the 
predicted intensities of the polarised stress-split components are not consistent with 
the observed spectra [27]. Take for example the (: r1j[001] spectra; for a rhombic I 
symmetry the stress spectra with E11(y and E_L(Y are predicted to be different, with 
peaks in the ratio of 0: 2 and 1: 1 respectively. Experimentally with GJJ[001] both the 
Efty and E_L(Y spectra are identical with peaks in the ratio of - 2: 1. The small A4 
parameter might indicate that the 3123 cm-1 line has almost rhombic I symmetry and 
results form a small perturbation from such a (C2) symmetry; this is a same argument 
made for the case of the 3942 cm- 
I optical band in silicon [321. 
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7.5 Conclusions and further work 
The NVH- defect seems responsible for the C-H absorption peak at 3123 cm-1. 
The intensity of the 3123 cm-1 absorption line correlates with the concentration of 
NVH- with an absorption strength per unit concentration comparable to that of single 
nitrogen defects. The NVH- centre and the 3123 cm-1 absorption line anneal out 
together in the range 1500 - 1900'C; the kinetics of this process is unknown. The 
defect is more stable than the KCLI defect discussed in Chapter 6 of this thesis. A 
decrease in N, centres is observed possibly indicating that vacancy assisted nitrogen 
aggregation is occurring as NVH- anneals out. Uniaxial-stress has shown the 
3123 cm-1 absorption line originates from an A --> A transition at a monoclinic I 
centre with a dipole oriented along a <1 I I> direction, consistent with the symmetry of 
the NVH- defect. 
Isothermal annealing at temperatures greater than 1600'C should be used to 
accurately determine the activation energy and attempt frequency for the decay of the 
3123 cm-1 / NVH- centre. This will require stabilising pressures so as not to destroy 
the samples. 
It is unknown if nitrogen aggregation is indeed occurring and possible 
aggregation products should be looked for. Photo luminescence measurements using a 
488 nm excitation would show the presence of H3 centres and UV-Visible optical 
absorption might be more sensitive to the presence of A-centres. 
Finally uniaxial stress could be performed in conjunction with EPR to see if a 
change in symmetry occurs. 
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Chapter 8 
8 Uniaxial-stress and annealing studies of 
hydrogen related MIR absorption lines in 
diamond 
8.1 Background and motivation for study 
The 3107 cm-1 Mid-Infra-Red (MIR) absorption line was first noted by 
Chrenko et al [1] whilst looking at natural type I diamond and was proposed by 
Woods and Collins [2] to originate from a C-H stretch mode LVM (local vibrational 
mode). The 3107 cm-1 line is known to correlate with the 1405 cm-1 line, attributed to 
the associated C-H bend mode vibration. Neither lines are seen in as-grown single 
crystal CVD (SC-CVD) material but the 3107 cm-1 line has been observed in samples 
described as nitrogen doped (i. e. CVD samples grown in an environment in which 
exhaustive efforts to remove nitrogen have not been taken) and subsequently annealed 
under HPHT conditions [3,4]. 
The 3107 cm-1 line is not distributed homogeneously in natural type la 
diamond [5,6]. It was also observed that the 3107 cm-1 absorption line could be both 
created and destroyed using similar HPHT annealing conditions in natural diamond, 
and it was suggested that the behaviour was dependent upon other defects present (or 
absent) within the samples investigated [6]. The 3107 cm-1 in natural diamond has a 
complicated annealing behaviour, presumably dependent on the reservoir of hydrogen 
present in the sample; typically it was found the line anneals out in natural type la 
diamonds after HPHT annealing at -21 OO'C and 7.0 GPa [7]. The 3107 cm- 
I 
absorption line could be created in nitrogen doped HPHT-grown synthetic diamond 
by annealing under similar conditions [8]. A paper by lakoubovskii and Adriaenssens 
[9] observed a trend between the strength of absorption at 3107 cm-1 and the 
aggregated nitrogen content in natural type I diamonds however other workers 
concluded that the strength of the 3107 cm-1 line did not correlate with the total 
nitrogen (present in aggregated forms) in different samples [7,8]. Within the same 
sample where regions of (total) nitrogen are high, it has been observed that absorption 
at 3107 cm-1 is strong [8]. 
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Uniaxial -stress' studies have not observed any shift or splitting of the 
3107 cm-1 line in natural type la samples, with a linewidth measured as 2.9(l) and 
4(l) cm-1, the symmetry class of the defect responsible was not determined [5,10]. 
From group theory arguments the defect responsible for the 3107 cm-1 absorption line 
cannot possess inversion symmetry [5]. No experimental details of the uniaxial-stress 
experiment by Davies et al [5] were reported however Runciman and Carter [10] 
studied samples oriented for [00 1] and [III] stresses and strains of - 0.1 % were used, 
equivalent to an applied stress of -I GPa (the elastic modulus of diamond is 
_ 103 GPa [I I]). This suggests that the stress splitting parameters are very small 
and/or that there might be a small number of stress split components [12,13,14,15]. 
This might indicate the defect arises from a purely vibrational mode at a defect with a 
high symmetry; more stress split components are expected for lower symmetry 
classes and in stress spectra arising from the lifting of electronic or vibronic 
degeneracy [ 16]. 
The 3107 cm-1 absorption line was shown to involve one carbon atom through 
isotopic substitution of 12C with 13C [17], a result that confirmed the suggestion by 
Woods and Collins [2] that an underlying peak at 3097(2) cm-1 arises from a1 3C-H 
stretch (the two lines were manually deconvolved and the relative intensity of the 
3098 cm-1 peak was 1.4% of the 3107 cm- I peak, consistent with the natural 
abundance of13C of 1.1%). Nitrogen involvement was not indicated by a shift in the 
3107 cm-1 upon isotopic substitution OfI4 N with 15 N but this does not unambiguously 
exclude nitrogen from the defect responsible for the absorption line [8]. It has been 
suggested that any shift due to the presence of nitrogen would be very small and that 
the data on the 3107 cm-1 absorption line is consistent with a C-H vibration located 
near to a nitrogen atom [18]. This view is shared by Chavallier et al [19] who suggest 
that it can not exclude the possibility that more than one nitrogen may be involved 
and it was suggested that the 3107 cm. - 
I absorption line might originate from a 
hydrogen bonded next to an A-centre. A lack of a shift in a nitrogen related defect 
has been observed before experimentally; the 1344 cm- 
I absorption line is attributed 
to a LVM of the neutral single nitrogen defect, N, 
O [20,21,22], but does not exhibit a 
shift upon isotopic substitution of 
14 N with 15 N [23,24]. It was suggested that the 
nitrogen atom is virtually stationary and only the surrounding carbon atoms move 
in 
t Throughout this chapter the term "uniax ial -stress" means the application of uniaxial stress whilst 
taking measurements using optical absorption spectroscopy (e. g. infra-red). 
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the vibration that gives rise to the absorption at 1344 cm-1 [24]. Further work 
investigated the isotopic substitution of 
12C 
with 
13Cand 
a shift in the 1344 cm-1 
absorption line was observed that was consistent with a vibration where only contains 
carbon atom [25]. 
The 3107 cm-1 absorption line in SC-CVD diamond was produced by HPHT 
annealing up to 1900'C, where the appearance of a number of unassigned lines in the 
C-H stretch ban& were also observed [4]. It was suggested that the appearance of 
new lines in the C-H stretch band indicated that hydrogen was migrating and 
subsequently being trapped at centres. It is unknown if the "sharpening up" of the 
C-H band reported by Charles et al [4] occurs at lower temperatures (- 1300 - 
1500'C) such as those used to anneal vacancy-hydrogen complexes (the data for 
which was presented in Chapters 6 and 7 of this thesis). 
The defect responsible for the 3324 cm- I absorption line, observed in as-grown 
nitrogen doped SC-CVD diamond is unknown [3]. The 3324 cm-1 absorption line was 
shown to involve hydrogen and carbon and there was no evidence for the 
incorporation of nitrogen from the isotopic substitution [26,27]. The 3324 cm-1 line 
is removed after annealing under HPHT conditions [3,4]. In the thesis by Glover 
[28] it was suggested that the 3324 cm-1 absorption line might originate from the 
trigonal paramagnetic defect attributed as a negative vacancy-hydrogen complex, VH_ 
which is also given the label KCL 1 [29]. This defect was observed to anneal out at - 
1300'C according to first order kinetics (see Chapter 6 of this thesis). Whilst the 
3324 cm-1 absorption line and KCLI anneal out over the same temperature range there 
was no evidence (in the limited suite of samples that contained both signals) that the 
strength of the optical 3324 cm-1 absorption line correlated with the VH_ complex as 
measured by FTIR and electron paramagnetic resonance (EPR) spectroscopy 
respectively. The 3324 cm-1 absorption was present in the uniaxial-stress samples 
used to investigate the symmetry of the 3123 cm-1 absorption line (presented in 
Chapter 7 of this thesis). 
During uniaxial-stress investigations with the nitrogen doped ([N, 
01 
5.0(4) ppm) SC-CVD diamonds three previously unreported absorption lines were 
observed at 1353(2) cm-1,1362(2) cm-1 and 1371(2) cm-1. The 1362 cm-1 absorption 
I The carbon-hydrogen (C-H) stretch band in diamond is between 2700 and 3400 cm-1 (there is no exact 
definition and figures stated vary in the literature). 
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line was too weak for further analysis but absorption at both 1353 and 1371 cm-1 were 
significantly stronger. 
Given this background the work in this chapter was motivated to answer the 
following questions: 
(1) What is the symmetry and structure of the defect responsible for the 3107 cm-1 
and 1405 cm-1 absorption lines? 
(2) What is the symmetry the defect responsible for the absorption line at 
3324 cm-1 and what are the annealing kinetics and associated annealing 
parameters? What is the defect responsible for this absorption line? 
(3) What is the symmetry of the defect(s) responsible for the (bend vibrations) 
observed in nitrogen doped SC-CVD diamond at 1353 cm-1 and 1371 cm-1 and 
what are the defect(s) responsible? 
8.2 Samples and experiments 
A suite of three SC-CVD diamonds have been isochronally annealed between 
900 - 1600T to investigate the affects on the MIR C-H stretch band. For the 
purposes of this chapter these three samples shall collectively be referred to as set of 
samples "A" and the as-grown defect concentrations, as measured by room 
temperature (RT) FTIR and EPR spectroscopy, are listed below in Table 8-1. The 
concentration of N, + is estimated from the height of the absorption at 1332 cm-1 [30]. 
The N, O concentration was determined using EPR. The samples were annealed for 2 
hours at I OOT increments starting at 900 'C up to 1600'C. The samples were then 
annealed for four hours at 1600T. 
Sample ID I (ppm) 3324 CM-1 (CM-2)_ 
0 
ppb) VH-j (p 
_ Al 5.0(9) 0.4(2) 640(50) 15.7(l. 5) 
A2 1.5(3) < 0.1 495(70) 8.8(4) 
A3 1.3(2) 0.3(2) 510(80) 5.2(4) 
Table 8-1: Table showing the as-grown defect concentrations and integrated intensities for SC- 
CVD diamond samples used during isochronal annealing studies as measured by RT FTIR and 
EPR spectroscopy. An estimate of the upper limit of the intensity of the 3324 cm-I peak is shown 
for sample A2. 
Sample set "C" are described using the notation of Martineau et al [3] as 
44nitrogen doped" and contain significantly stronger absorption at 3324 cm-1 than 
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sample set A. The as-grown defect concentrations/intensities of sample set **C*' and 
the parameters used in the isothermal investigations are listed in Table 8-2. 
Sample ID 3324 CM 11 (CM-2 Ta (OC) Duration of anneals (mins) 
ci 12(3) 1100(4) 240(3) 
C2 10(3) 1125(3) 90(3) 
C3 26(5) 1150(3) 30(3) 
Table 8-2: Table listing the isothermal annealing parameters used to investigate the annealing of the 3324 cm-' absorption line. The temperature, T,,, is measured by a K-type thermocouple. The 
duration of each anneal is the time the sample spent at T, All samples were annealed four times. 
All samples are estimated to contain 15(2) ppm of N, + as measured by RT FTIR spectroscopy from the absorption at 1332 cm-' 1301. 
Two nitrogen doped SC-CVD samples were used for uniaxial-stress 
measurements. These were the same samples discussed in Chapter 7, Section 2 with 
diagrams presented in Chapter 4: Experimental Details. 
Two natural type I diamonds were prepared for uniaxial stress in the same 
manner as the SC-CVD samples. One sample was prepared such that stress could be 
applied along the <001>, <110> and <110> directions. The second sample was 
oriented such that stress could be applied along the <III> ,<II O> and < 112 >. A 
diagram of the stress-samples with dimensions and orientations is shown in Chapter 4: 
Experimental Details. 
A SC-CVD sample grown with deuterium enriched source gasses (i. e. 2 D2and 
CH4) was used to investigate the effect of isotopic substitution on previously 
unreported optical absorption lines. It is known from (EPR) experiments that the 
sample still contains a significant fraction of hydrogen (i. e. 1H) (see Chapter 6 of this 
thesis). In this chapter this sample will be referred to as ,2 D-enriched" and was 
compared to the <00 I> oriented SC-CVD stress sample. 
8.3 Annealing results 
8.3.1 Isochronal annealing of the MIR C-H stretch band 
MIR spectra showing the C-H stretch band, for sample Al, isochronally 
annealed as detailed in Section 8-2 are shown in Figure 8-1 below. 
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Figure 8-1: RT MIR spectra for the C-H stretch band for sample Al, isochronally annealed as 
described in Section 8-2. The spectra are offset by 0.5 em-1 for clarity. All spectra have been 
baselined and normalised as detailed in chapter 4. The positions of the 3030,3055,3123 and 
3324 cm-1 absorption lines are shown by arrows. There was no appreciable difference between 
the as-grown spectra and that after a 900'C anneal. 
The same "sharpening up" of the MIR C-H stretch band in SC-CVD diamond 
observed by other workers is seen in this study [4]. From this work it is observed that 
the "sharpening up" process has started even at modest temperatures e. g. 1000 - 
I IOOT and does not require HPHT annealing conditions. With so many overlapping 
lineshapes (which are annealing in/out and changing width) it is very difficult to 
resolve the individual lines or determine how many individual lines make up this band 
let alone attempt to quantify the changes. It is not possible to apply any kind of 
sensible baseline in order to determine the individual integrated intensities, the 
uncertainties in any such attempts to quantify the changes would therefore be very 
large in the range 2850 - 3000 cm-1. There are however lines outside of this range 
that are more readily distinguishable and for which quantitative analysis is possible. 
These lines are at 3030,3055,3123 and 3324 cm- 
1, measured using RT FTIR 
spectroscopy to within an accuracy of up to 2 cm-1. The integrated intensities of the 
3030 cm-1 line is shown in Figure 8-2 below. 
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Figure 8-2: Plot showing the relative strengths of the 3030 cm-' MIR absorption line versus 
annealing temperature. The plot has been normalised such that the maximum integrated 
intensity is equal to unity. Plotted is the average of relative strengths of sample set A. 
The 3030 cm-1 is observed in all the "A" samples after annealing at 900'C 
although it is typically very weak. It anneals in rapidly after annealing at 1200'C and 
continues to increase with subsequent annealing. The rate of growth after each anneal 
decreases and it appears that the integrated intensities of the 3030 cm-1 line plateaus 
out between 1500 and 1600'C. After the anneal at 1600'C the 3030 cm-1 peak is on 
average a factor of 6 more intense than it was after the 900'C anneal. The 3030 cm-1 
line has also been seen to appear in SC-CVD diamond after HPHT annealing at 
23 OOT indicating that it is stable up to these temperatures [3 1 ]. 
Out of the three samples in sample set A the 3055 cm-1 line was only observed 
in sample Al. The line is of comparable intensity to the 3030 cm-1 in sample Al after 
annealing at 900'C and so it is perhaps surprising that it is not observed in samples A2 
and A3. This sample had a higher nitrogen content than the other two samples but 
this may be coincidental. The line is thought to have annealed out by 1600'C and 
anneals out as the 3030 cm-1 anneals in. The 3055 cm-1 line does not correlate with 
any observed paramagnetic defects present in these samples. 
The 3123 cm-1 has been discussed in Chapter 7 of this thesis and was assigned 
as originating from the paramagnetic negative nitrogen-vacancy-hydrogen (NVH-) 
comPlex. 
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8.3.2 The 3324 cm- I MIR absorption line 
The 3324 cm- I absorption line is very weak in sample Al and is not 
observable out of the noise in the other two "A" samples. This line is only observed 
in nitrogen doped SC-CVD diamond [3]; from the samples studied it appears that this 
line is only observable in highly nitrogen doped SC-CVD diamond. It can be seen 
from Figure 8-2 however that the 3324 cm-1 line is stable up to 1000'C and has 
annealed out by - 1100'C, therefore the isothermal annealing experiments were 
performed around II OO'C. Figure 8-3 below shows an example of the MIR spectra 
centred on the 3324 cm-1 peak as the sample was isothermally annealed. 
3300 3310 3320 3330 3340 3350 
Energy (cm-') 
Figure 8-3: Plot showing the annealing of the 3324 cm-' MIR absorption line in sample 
C3, 
isothermally annealed at 1150(3)'C as detailed in Table 8-2. 
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Figure 8-4: Plot showing the decay of the 3324 cm-1 absorption line. The red lines show fits to a 
second order decay model as described in the text. Data for the samples annealed at 1100(3), 
1125(3) and 1150(4)'C are shown denoted by squares, circles and triangles respectively. 
The relative intensities of the three isothermally annealed (sample set 
samples are plotted in Figure 8-4 above. The annealing behaviour of the 3324 cm- I 
absorption line was not described satisfactorily by using first order kinetics. A 
substantially better fit was obtained using second order decay kinetics (a reduction in 
the sum of the error squared of a factor 4). A model was also used that described 
mixed first and second order decay kinetics to fit the data but this had a negligible 
impact. The annealing model was allowed to vary the temperatures of each anneal by 
up to 5'C from the value recorded by the thermocouple, this was done to account for 
any errors in temperature, the dominant source of which are believed to originate from 
the positioning of the sample in the furnace relative to the thermocouple. The second 
order fit suggests that anneals performed on samples C2 and C3 were - YC hotter 
than the temperature recorded by the thermocouple. Since the then-nocouple is not in 
direct contact with the sample a small systematic error is perhaps not necessarily 
surprising. However the fit also suggests that sample CI was -4 'C cooler than the 
recorded thermocouple temperature. There was an uncertainty introduced in the hot 
zone position following the failure and subsequent replacement of one of the furnace 
elements in-between annealing runs. This failure occurred after samples C2 and C3 
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10 12 14 16 
were annealed but before the annealing experiments on sample CI had commenced. 
It is reasonable to assume that the temperature profile (and therefore position of the 
hot zone) had changed accounting for the discrepancy. 
The second order decay model was tested for robustness by fitting to a new 
data set created from the original experimentally determined data. The new data set 
was allowed to randomly take any value within the experimentally determined error 
for both temperature and integrated intensity, and then was fitted in the same manner 
as the original data set. The model proved very robust with the determined annealing 
parameters agreeing within an acceptable margin of error. The activation energy was 
determined to be 4.6(2) eV. In second order kinetics the experimentally determined 
exponential pre-factor, or "attempt frequency" has units of per unit time per unit 
concentration. The attempt frequency took values between 5 and 40 x 10 11 Hz CM-2. 
-2 Whilst CM is not a unit of concentration the assumption has been made that the 
concentration of centres responsible for absorption at 3324 cm-1 is directly 
proportional to the integrated intensity by a dipole coupling constant. Since this 
coupling constant is unknown the attempt frequency should perhaps be written as the 
product of the initial integrated intensity of the absorption at 3324 cm-1 and the 
experimentally determined exponential pre-factor. This product is - 1012 Hz- 
8.4 Uniaxial-stress results 
8.4.1 The 3324 cm-1 absorption line 
Figure 8-5 shows experimental stress spectra for the 3324 cm-1 absorption line. 
The number and intensities of the polarised stress split components suggest that this is 
an A4A transition at a trigonal centre [15,32]. The magnitude of the shifts of the 
stress-split lines are plotted in Figure 8-6 where the lines show a least squares fit to 
the proposed transition and symmetry. 
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Figure 8-5: Plots showing 3324 cm-1 stress data with a) uJI10011, b) c71111101, c) (71111111. The (black) dashed spectra at the bottom of each data set shows the un-polarised spectra at zero 
stress and the remaining two solid spectra in each data set show the polarised spectra at 
maximum stress. cy = 2.9,3.0, and 3.2 GPa for data sets a) - c) respectively. The (blue) data at 
the top of each data set with ElIcy and the (red) data in the middle shows the spectra with E-Lcy. 
For c71111 101 results imply that the perpendicular polarisation is parallel to 11101. The positions of 
theoretical stress data (for an A4A transition at a trigonal centre using parameters listed in 
Table 8-3) are shown by vertical lines the magnitude of which are labelled in the diagram. Those 
lines above the horizontal line correspond to ElIcy and those below the line correspond to E-L(Y. 
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Figure 8-6: Plots showing the positions of the stress induced shifts and splittings of the 3324 cm-1 
with a) crI110011, b) cY1111101 and c) all[IIII. Open circles show lines that are present when Ellcy 
and the black squares show lines that are present when E-Lcv. The lines show a least squares 
theoretical fit to the data for an A4A transition at a trigonal defect. A dashed line indicates the 
line only appears when E11cr and a dotted line indicates the line only appears when E-Lcv. If a 
transition occurs in both polarisations this is shown by a solid line. 
For an A4A transition at a trigonal centre the stress spectra are described by 
only two parameters, AI and A2, which were determined from the plots in Figure 8-6 
to be 1.5(5) and 1.0(4) cm-1 GPa_ I respectively [12,13]. There is no appreciable 
change in linewidth in the stressed and non-stressed spectra in Figure 8-5 a); the 
linewidth is 8(l) cm-1. It is expected from theory that the stress spectra for an A4A 
transition at a trigonal centre will be identical in both polarisations when cy Iý [00 1][ 15]. 
Experimentally this is observed. The stress spectra with al I[I 10] are shown in Figure 
8-5 b); a single line is observed when Ella and a broad line with E-La; this broad line 
can be deconvolved into two lines that have equal intensity (within the limits of 
uncertainty). This is theoretically expected for this direction if E-La corresponds to 
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E11[001]. With all[I 11], shown in Figure 8-5 c), theory predicts a single line when 
E-La (which is seen experimentally) and two line with Ejjaý with an intensity ratio of 
1: 3. The experimentally observed lineshape was fit to two Lorentzian lines; the ratio 
of individual areas of these lines was 1.0(3): 2.9(4). The intensity ratios in all 
polarisations for all uniaxial-stress directions are therefore consistent with the 
3324 cm-1 absorption line originating from an A --) A transition at a trigonal centre. 
8.4.2 The 3107 and 1405 cm-' absorption lines 
Figure 8-7 shows experimental data for the 3107 cm-1 absorption line. The 
number and intensities of the polarised stress-split components indicate that this is an 
A4A transition at a trigonal centre [15,32]. The magnitude of the shifts of the split 
lines are plotted in Figure 8-8 where the lines show a least squares fit to the proposed 
transition and symmetry. 
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Figure 8-7: Plots showing MIR stress data for the 3107 cm-' line with a) cyj 1 [00 11, b) al I[ IIII, c) 
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data set with E11cr and the (red) data in 
the middle shows the spectra with E-La. The positions of theoretical stress data (for an A4A 
transition at a trigonal centre using parameters listed in Table 8-3) are shown by vertical lines 
the magnitude of which are labelled in the diagram. Those lines above the 
horizontal line 
correspond to Ellcy and those below the line correspond to E-L(Y. 
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Figure 8-8: Plots showing the positions of the stress induced shifts and splittings of the 3107 cm-1 
with a) crll[0011, b) crll[1101 and c) cyll[1111. Open circles show lines that are present when Ella 
and the black squares show lines that are present when E-La. Plot b) also shows open and closed 
triangles corresponding to Ell[110] and E1111 101 respectively. The lines show a least squares theoretical fit to the data for an A4A transition at a trigonal centre. A dashed line indicates the 
line only appears when Ella and a dotted line indicates the line only appears when E-La. If a transition occurs in both polarisations this is shown by a solid line. 
A similar analysis to that shown above for the 3324 cm-1 line shows that for 
the 3107 cm-1 line the spectra with all[OOI] (Figure 8-7 a)) and UJI[I 10] (Figure 8-7 c) 
and d)) the experimentally observed intensities of the polarised stress split 
components agree well with theory [15]. The unstressed 3107 cm-1 line has a 
linewidth of 3.0(4) cm-1 and no significant increase in linewidth was observed when 
all[001] or all<110>. When all[I I I] two resolved components are clearly visible 
when Ella. These components are experimentally found in the ratio of 1.0(4): 3.4(4) 
with linewidths of 2.8(3) and 4.0(4) respectively. The intensities are in agreement 
with theory and at least one component has broadened as stress is applied. 
The 1405 cm-1 absorption line is known to correlate with the 3107 cm-1 line 
and was attributed to the C-H bend mode vibration at the same defect responsible for 
the 3107 cm-1 line [2]. The data presented for the 3107 cm-1 line suggests that the 
absorption originates from an A4A transition at a trigonal centre however it is 
evident in Figure 8-9 a) that with all[OOI] the polarised stress spectra are not the same 
for the 1405 cm-1 absorption line. This implies that the 1405 cm-, line originates from 
an A4E transition at a trigonal centre; this is described using four stress parameters: 
A,, A2, B and C [12,13]. The data for the other stress directions/polarisations are 
shown in Figure 8-9 b) - c) and the magnitude of the shifts of the stress-split lines are 
plotted in Figure 8-10 where the lines show a least squares fit to the proposed 
transition and symmetry. 
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Figure 8-9: Plots showing MIR stress data for the 1405 cm-1 absorption line with a) cv111001 1, b) 
cyl III III, c) (Yj III 10 1 and 110011 and d) (Yj III 10 1 and -L[110]. 
The (black) dashed data at the bottom 
of each data set shows the un-polarised spectra at zero stress and the remaining two solid spectra 
in each data set show the polarised spectra at maximum stress. CY = 1.35,2.96,2.72 and 2.72 GPa 
for data sets a) - d) respectively. The (blue) data at the top of each data set with Ellcy and the 
(red) data in the middle shows the spectra with E-Lcy. The positions of theoretical stress data (for 
an A4E transition at a trigonal centre using parameters listed in Table 8-3) are shown by 
vertical lines the magnitude of which are labelled in the diagram. Those lines above the 
horizontal line correspond to E11cr and those below the line correspond to E-Lcy. 
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Figure 8-10: Plots showing the positions of the stress induced shifts and splittings for the 
1405cm-1 with a) cY1110011, b) cyll[IIII, c) (: 71111101 and 110011 and d) uJI11101 and 111101. Open 
circles show lines that are present when Ellcr and the black squares show lines that are present 
when E-Lcv. The lines show a least squares theoretical fit to the data using for an A4E 
transition at a trigonal centre. A dashed line indicates the line only appears when Ella and a 
dotted line indicates the line only appears when EJ-a. If a transition occurs in both polarisations 
this is shown by a solid line. 
The 1405 cm- I absorption line in these samples is weaker than that of the 
3107 cm-1 line. At zero stress the linewidth is - 1.6(4) cm-1. The only stress direction 
in which a splitting of the lines can be unambiguously seen is when UJI[I 10], see for 
example Figure 8-9 c) when E11(: 7. For an A --> E transition at a trigonal centre theory 
predicts that these two lines should be in the relative intensity of 1: 3 but 
experimentally the ratio is 1.0(3): 5.6(6), a poor agreement [ 15]. In the perpendicular 
polarisation only a single line is observed with a linewidth equal to that of the 
unstressed spectra. If this line is, as theory predicts, actually two lines then the 
splitting must be less than the half-width. When (: Tll[l 11] the experimental linewidths 
for the stressed spectra are both 2.3(4) cm- I suggesting that perhaps there are multiple 
lines that have not quite resolved. For all[OOI] one line should be observed with Ella 
and two lines with a relative intensity of 3: 1 with E-La. Figure 8-9 a) shows the 
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experimental stress data whereby a single line is observed with ElIcy with a linewidth 
of 2.1(4) cm-1. When E-L(T the experimental lineshape was deconvolved into t\vo 
lines that each had a linewidth of 1.6(4) cm-1, the relative intensities of these lines was 
4.4(6): 1.0(3). Although the agreement with theory in terms of relative intensity is 
modest, the number of stress-split components and behaviour under uniaxial-stress is 
well reproduced by an A4E transition at a trigonal centre. 
The stress splitting parameters for the 1405,3107 and 3324 cm-1 absorption 
lines are listed in Table 8-3. 
Parameter 1405 crn-' 3107 crn-' 3324 cm-' 
A, 0.4(2) 0.5(3) 1.4(5) 
A2 
-0.1(1) 0.9(2) 1.0(4) 
B -0.2(1) 
C -0.2(2) 
Table 8-3: Experimentally determined values from the fitting for the 1405 cm-1 to an A4E 
transition at a trigonal centre and the 3107 cm-1 and 3324 cm-' lines to A4A transitions at 
trigonal centres. All values are expressed in units of cm-1 GPa-1. A dash indicates that that 
particular parameter does not appear for that transition. 
8.4.3 The C-H bend region in SC-CVD diamond 
N-doped SC-CVD samples were used to investigate a number of absorption 
features. The single nitrogen content was high enough for the well known absorption 
features at 1344 and 1332 cm-1 to be visible (originating from absorption due to Nso 
and N, + centres respectively). Whilst the 1332 cm-1 absorption band is observed to 
split and shift under application of uniaxial-stress the spectra are not examined in 
detail in this work. The Ns+ defect is expected to have a tetrahedral symmetry. This 
section will instead limit itself to presenting the results for the uniaxial-stress spectra 
for the 1353 and 1371 cm-1 absorption lines, both of which have linewidths of 
3.0(3) cm-'. 
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The 1353 cm-1 line fits to an A4B transition at a rhombic I centre (i. e. C2, ). 
The number and intensities of the polarised stress-split lines are consistent with the 
tables listed in reference [15]. The magnitude of the shifts of the stress-split 
components can be used to determine the stress fitting parameters. This is shown in 
Figure 8-13 and the parameters determined are listed in Table 8-4. There is no 
appreciable change in the linewidths of any of the 1353 cm-1 stress-split lines as stress 
is applied. The two most pronounced splittings of lines are seen when aff001] and 
E-La (Figure 8-11 a)) and when (711[001] and Ella (Figure 8-11 b)); theory predicts 
that the relative intensities of these stress split components should be 2: 1 and 1: 1 
respectively [15]. Experimental deconvolutions find the relative intensities are 
2.0(3): 0.7(3) and 1.0(3): 1.4(3); in good agreement with the proposed model (A 4B 
transition at a rhombic I symmetry). 
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Figure 8-11: Data showing the effects of uniaxial-stress on the C-H bend region in N-doped 
diamond with a) uJI10011, b) cTI111101 and c) crI111111. The (black) dashed spectra at the bottom of 
each data set shows the un-polarised spectrum at zero stress. The remaining two solid spectra in 
each data set show the polarised spectra at maximum stress. Cy = 2.94,2.98 and 3.17 GPa for data 
sets a) - c) respectively. The (blue) data at the top of each data set with Ellcy and the (red) data in 
the middle shows the spectra with E-L(Y. The 1332 cm-1 and 1344 cm-' absorption lines are visible 
however they are not fitted. The positions of theoretical stress data for the 1353 and 1371 cm-, 
absorption lines are shown by vertical lines the relative magnitude of which are labelled in the 
diagram. Those lines above the horizontal line correspond to Ella and those below the line 
correspond to E-La. 
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Figure 8-12: Plot showing the positions of the stress induced shifts and splittings of the 1353 cm-1 
absorption line with a) crll[0011, b) crI111101 and c) cyll[Ill]. Open circles show lines that are 
present when Ellcy and the black squares show lines that are present when E-L(Y. The lines show 
a least squares theoretical fit to the data for an A4B transition at a rhombic I centre. A dashed 
line indicates the line only appears when E11(y and a dotted line indicates the line only appears 
when E-L(Y. If a transition occurs in both polarisations this is shown by a solid line. 
The polarised stress-split spectra for the 1371 cm-1 absorption line are shown 
in Figure 8-11. There is no obvious broadening of the linewidths as stress is applied 
and no evidence that there is ever more than one peak originating from the 1371 cm-1 
line present in any of the polarised spectra. Examination of the tables Mohammed et 
al [15] reveals that for an A4B transition at a tetragonal centre no more than a 
single line should be observed in any of the polarised spectra. The data was therefore 
fit to an A4B transition at a tetragonal centre (i. e. D2d) using the appropriate 
relations [ 15]. It is noted that if there were a coincidence of fitting parameters for the 
13 71 cm-1 absorption line, such that AI= A3 then the data could also be fit to an A4 
B transition at a rhombic 11 centre (i. e. D2)- Upon this substitution the stress fitting 
spectra would be indistinguishable. It will be assumed for the remainder of this thesis 
that the centre is of the higher symmetry class (D2d) - 
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Figure 8-13: Plot showing the positions of the stress induced shifts and splittings of the 1371 cm-1 
absorption line with a) cyll[0011, b) crI111101 and c) (: 711[111]. Open circles show lines that are 
present when E11cr and the black squares show lines that are present when Elcy. The lines show 
a least squares theoretical fit to the data for an A4B transition at a tetragonal centre. A dashed 
line indicates the line only appears when Ellcy and a dotted line indicates the line only appears 
when E-Lcy. If a transition occurs in both polarisations this is shown by a solid line. 
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The stress splitting parameters are listed in Table 8-4 below. 
Parameter 1353 cm-' 1371 cm-' 
A1 -0.4(2) 0.9(2) 
A2 0.8(3) 0. l(2) 
A3 0.3(3) 
Table 8-4: Table showing the experimentally determined values for the uniaxial-stress fitting 
parameters when fitting the 1353 cm-1 to an A --) B transition at a rhoMbie I centre and the 
1371 cm" to an A --) B transition at a tetragonal centre. All values are expressed in units of em" 
GPa-1. A dash indicates that that particular parameter does not appear in the symmetry class. 
For a rhombic I symmetry the A,, A2 and A3 parameters describe perturbations 
of the stress matrix when compressions are made along the Z, X and Y defect axis 
respectively where the Z-axis is the primary defect axis. 
For a tetragonal symmetry the A, parameter describes the perturbations of the 
stress matrix when compressions are directed along the primary defect axis, 
compressions perpendicular to the primary defect axis are related to the A2 parameter 
[33]. The relatively large value of AI compared to A2 suggests the defect is most 
susceptible to compressions parallel to the primary defect axis and is insensitive to 
compressions perpendicular to the Z-axis. 
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Figure 8-14: Plot showing a portion of the MIR spectrum of two SC-CVD diamonds. The data 
in black (above) is from a SC-CVD diamond grown in the absence of 
'D and the data in blue 
(below) is from a SC-CVD diamond grown with 2D enriched source gasses. 
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Figure 8-14 shows IR absorption data obtained from the 2 D-enriched sample 
and one grown with naturally abundant source gasses. It can be seen in Figure 8-14 
that the absorption at 1332 cm-1 in both samples is similar and hence both contain 
similar concentrations of the N, + defect. The absorption at 1344 cm-1 indicates that 
there is less N, O in the 2 D-enriched sample. Neither of these lines are expected to shift 
in a2 D-enriched samPle. 
Deuterium is known to be incorporated in the sample from the shift of 
absorption lines consistent with those reported by previous work [26,27]. The largest 
of these lines is the electronic transition at 7345 cm-1 which is the topic of the next 
chapter (Chapter 9) however, the integrated intensity of this line in the 2 D-enriched 
sample is - 60% greater than that in the sample grown with naturally abundant source 
gasses. It might therefore be expected that all hydrogen-related absorption features 
would be present with at least the same or greater intensity 
Examination of Figure 8-14 suggests that absorption at 1353 and 1371 cm-1 is 
still present albeit very weakly. This can be interpreted as evidence of hydrogen 
involvement since the line has shifted to such an extent that it lies below the Raman 
frequency cut-off or and are no longer visible. These weak signals could arise from 
the small fraction of "pure" hydrogen (i. e. 1H) related defects incorporated. It is 
expected that there should be some residual VH2 and VH4 in these samples as well as 
the mixed isotope combinations e. g.: VH 2 D, VH3 2 D, VH2 2 D2and VH 2 D3. This would 
imply that only a very small fraction of 1H is incorporated. 
Care should be taken when interpreting the absence of a line in this manner, it 
may simply be that the defect is not being incorporated. 
8.5 Discussion 
The 3107 cm-1 and 1405 cm-1 absorption lines have been shown to split under 
application of uniaxial-stress with shifts, splittings and intensities consistent with the 
absorption lines arising from an A4A and an A4E transition from a trigonal 
centre. It is not possible to distinguish between either the C3, or D3d point groups 
without further knowledge about the degeneracy of the levels since the uniaxial stress 
experiment is insensitive to the inversion symmetry. Since the centre cannot possess 
inversion symmetry then this implies that the defect responsible for the 3107 cm-1 
absorption line has C3,, symmetry [5]. That both lines originate from a trigonal centre 
provides further evidence that both lines originate from the same defect. No splitting 
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of these lines has been reported previously in the literature. The very small value of 
A, and the lower stresses used accounts for the lack of an unambiguous shift in the 
3 107 cm-1 absorption line when stress was applied parallel to the [00 1] direction [10]. 
It was observed in this thesis that when allEffl, 11] the linewidth broadened as the 
stress was applied. The linewidth of the 3107 cm-1 line in the sample used by 
Runciman and Carter [10] was - 33% wider at zero stress than the samples used in 
this thesis; it is not unreasonable therefore then that no splitting was observed with 
all[I 11] by at I GPa. 
Likewise the 1405 cm-1 stress parameters are all very close to zero explaining 
why no shift/splitting has been observed before this work. 
From the isochronal annealing experiments it was observed that the KCLI 
defect and the 3324 cm-1 line started to anneal out at approximately the same 
temperature (see Chapter 6 of this thesis). This proves that the defect responsible for 
the 3324 cm-1 absorption line is less stable than the defect responsible for the 
3107 cm- I line. 
There does not appear to be a relation between the strength of absorption at 
3324 cm-1 and the concentration of KCLI, however only five samples examined in the 
entirety of this thesis had detectable levels of both the KCLI defect and the 3324 cm-1 
absorption line (i. e. the sample set was rather small). 
The determination that the 3324 cm-1 absorption line anneals according to 
second order kinetics unambiguously rules out the suggestion made by Glover [28] 
that the 3324 cm-1 absorption line originates from the paramagnetic KCLI complex 
which is known (see Chapter 6) to anneal out according to first order kinetics. 
The activation energy is comparable to that of a C-H bond and so it is 
reasonable to assume that the rate determining step involves the breaking of a C-H 
bond [34]. The "attempt frequency" determined for the decay of the 3324 cm-1 
absorption line is close to the natural frequency of vibration in diamond of - 1013 Hz. 
This suggests that I in 10 attempts results in a successful annealing event. If the 
defect responsible for the 3324 cm-1 absorption line anneals by migrating through the 
sample it does not have to travel far before encountering a sink and annihilating (on 
average 10 steps/hops). A plausible second order reaction is the self-trapping of the 
defects responsible for the absorption line at 3324 cm-1. Using a random walk model 
(see Equation (6-2) in Chapter 6 of this thesis) and assuming the defects are 
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homogeneously distributed it can be shown that for this to be possible the defects 
would need to be present in excess of 80 ppm. If the oscillator strength for the defect 
responsible for the absorption line at 3324 cm-1 is similar to that determined for the 
C-H LVM of the NVH- defect (see Chapter 7 of this thesis) then the average 
concentration of "3324 cm- I centres" can be estimated in sample set C at - 5(2) ppm. 
Perhaps the defects responsible for the absorption at 3324 cm-1 are not 
homogeneously distributed but are preferentially created in the same region within the 
diamond? 
It can also be shown that if the KCLI defect had a similar calibration constant 
to that of NVH- then at the impurity levels detected in this thesis ([KCL 1 10 ppb) it 
is not surprising that the C-H stretch mode has not yet been detected. 
The 3324 cm-1 absorption line has been shown to originate from an A4A 
transition at a trigonal centre. 
The 1405,3107 and 3324 cm-1 absorption lines are all known to involve 
hydrogen. Isotopic substitution studies suggest that the 3324 cm-1 line contains only 
one hydrogen atom that is bonded to a single carbon atom [26,27]. To preserve a 
trigonal symmetry the hydrogen atom must either lie on the principle axis of the 
defect or motionally average within the defect such that on an optical measurement 
timescale, a trigonal symmetry is observed. It has been theoretically calculated that 
the rate at which the hydrogen atom is expected to tunnel/hop is slower than that the 
timescale of optical measurements, therefore a model whereby the hydrogen atom is 
"dynamic" seems unlikely [35]. 
The magnitude of the A, stress parameter (in a trigonal defect) describes the 
reaction to hydrostatic compression. The 3324 cm-1 absorption line therefore seems to 
be more sensitive to stress perturbations than the 3107 cm-1 line. Larger changes in 
energy per unit stress might be expected at vacancy-related centres which can be 
thought of as "softening" the lattice [14]. Similarly interstitial defects might be 
expected to "stiffen" the lattice. No experiments have been performed to see if the 
absorption line increases upon irradiation and subsequent annealing (indicating the 
involvement of vacancies in the defect). Experiments might be complicated due to 
the presence of competing vacancy traps; high concentrations of single substitutional 
nitrogen defects are present in samples that also contain the 3324 cm-1 absorption line. 
N, defects are known to act as a good trap for the mobile vacancy [36]. 
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Enough data exists for a list of possible models for the defects responsible for 
absorption at 3107 / 1405 cm-1 and 3324 cm-1. Figure 8-15 lists some possible 
candidates for trigonal defects that contain hydrogen; note that this is not an 
exhaustive list. 
N: H 
VH 
Figure 8-15: A schematic diagram of possible models for the defects responsible for the 3107 and 
3324 cm-' absorption lines. Carbon atoms are shown in black, hydrogen is shown in red and 
nitrogen atoms are shown in blue. A dashed circle represents a lattice vacancy and dotted bonds 
indicate hydrogen atoms that are located in the anti-bonding interstitial position. 
In Chapter 7 of this thesis it was suggested that the defect responsible for 
absorption at 3123 cm- I was the NVH- complex. The results implied that a peak 
height of I cm-1 corresponded to 25(10) ppm of NVH- centres. The 3107 cm-, 
absorption line has a similar linewidth to the 3123 cm-1 absorption line and both are 
attributed to C-H stretch modes. If it assumed that the same calibration constant 
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relating the strength of absorption and concentration can be used, then it implies that 
the natural sample studied in this work contained 280(110) ppm of absorbing centres. 
This is a high concentration of centres and it is therefore surprising therefore that the 
defect has not been identified using EPR. This would suggest that the defect has an 
overall spin of zero i. e. non-paramagnetic and hence EPR-inactive. 
Assuming the VH_ model for KCLI as proposed by Glover et al [29] is 
correct then the VH model, shown in Figure 8-15 e) can be ruled out as a candidate 
for the 3324 cm-1 absorption line since the defects have different annealing 
behaviours. It is also known that the 3107 cm-1 centres are more stable than KCLL 
There is no evidence for an associated electronic transition for the defect 
responsible for the 3107 cm-1 or 3324 cm-1 absorption lines. This implies there are no 
available band-gap states which would make the VH model unlikely. 
The VH model is however the only centre proposed that contains a vacancy; 
the uniaxial-stress data tentatively suggested that either the difference in stress 
parameters are due to the 3324 cm-1 containing a vacancy or the 3107 cm-1 containing 
an interstitial. 
The results of the isotopic substitution experiments imply that only one 
hydrogen atom and one carbon atom are involved in the defect responsible for the 
3324 cm-1 peak [26,27]. This immediately rules out the possibility of a bond centred 
hydrogen interstitial (HBC) defect as shown in Figure 8-15 d). HBC can also be 
discounted as a candidate for the 3107 cm-1 absorption line as it has a D3dpoint group, 
i. e. the proposed defect possesses inversion symmetry [5]. It is predicted that HBC 
would be paramagnetic in the neutral charge state but diamagnetic in the negative 
charge state [37]. 
The H2* defect depicted in Figure 8-15 f) also contains two hydrogen atoms 
but it is possible that there would be two different C-H stretch vibrations which could 
be very different in frequency. This has been observed in silicon and in germanium 
[38,39]. It is also possible that the two vibrations also have very different oscillator 
strengths and the second vibration in diamond has yet to be detected. 
The HBc and H2* defects are both thought to be the more stable in diamond 
than the anti-bonded hydrogen interstitial (HABas shown in Figure 8-15 b)) making 
this model less attractive than either H2*or HBC [37]. 
Chevallier et al [19] proposed a model whereby the 3107 cm-1 line is a 
hydrogen atom located by an A-centre (a di-nitrogen aggregate); to preserve a trigonal 
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symmetry it seems most likely that the hydrogen be located in the anti-bonding 
interstitial position (depicted in Figure 8-15 c)), it seems highly unlikely that a 
hydrogen atom in the bond centred position (effectively bonded to two nitrogen 
atoms) would experience zero perturbation in the isotopic substitution experiments 
with 15N. The hydrogen is not directly bonded to a carbon atom in this model and so 
the isotopic shifts upon substitution of 12C with 13C could not be accounted for. 
The 3324 cm-1 and 3107 cm-1 absorption lines are both seen in N-doped 
samples and whilst neither show a direct correlation with nitrogen it has been noted 
that regions where [N] is high correspond to regions where the absorption of either of 
these lines is high [8]. There is no direct evidence for the involvement of nitrogen 
with either of these lines from isotopic substitution experiments, but theoretical results 
imply that the 3107 cm-1 could arise from a C-H stretch at a N: H type centre like that 
shown in Figure 8-15 a) [ 18]. In this model the hydrogen is not directly bonded to the 
nitrogen atom explaining the absence of a shift in isotopic substitution experiments 
with 15 N. This model is also diamagnetic and has no available band-gap states. 
Whilst none of the models shown can unambiguously be selected as the 
correct model some seem more likely than others, the most likely being the N: H 
model (Figure 8-15 a)). If this model (N: H) is responsible for an absorption line it is 
unclear as to which absorption line (either 3107 or 3324 cm-1) it is associated with and 
clearly it can not be associated with both. It seems more probable that a heavy 
trapping impurity like nitrogen would result in a defect that is more stable which 
would favour the assignation to the 3107 cm-1 absorption line. The second most 
likely candidate is H2*, which is tentatively assigned to the 3324 cm-1 absorption line. 
The ratio between the intensities of the 3107 and 1405 cm-1 lines is - 10: 1. It 
can be inferred therefore that C-H stretch vibrations are more intense (more 
absorbing) than C-H bend vibrations. Assuming the same ratio implies to all C-H 
vibrations perhaps explains why no C-H bend mode has yet been observed for the 
3324 cm-1 absorption line. It is surprising that no such mode is observed in sample set 
C where absorption at 3324 cm-1 is sufficiently strong that C-H stretch modes should 
be observable over the noise. Perhaps the bending mode is significantly broader than 
the stretching mode or there is an overlapping signal? 
Isotopic substitution with deuterium suggests that the 1353 and 1371 cm-1 
absorption lines involve hydrogen. The 1371 cm-1 absorption line was determined to 
have a tetragonal, D2d symmetry. In diamond, a defect with tetragonal symmetry is 
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created when a distortion is applied along the <001> crystallographic axis of a defect 
with tetrahedral defect (i. e. Td 4 D2A The energy of vibration is consistent with that 
of a C-H bend mode. The most plausible tetrahedral defect containing hydrogen is 
VH4, as depicted in Figure 8-16 below. This can then be deformed to produce the 
observed D2d (a Jahn-Teller distortion). Note that in the example shown for VH4 the 
deformation would have to be along a <100> axis, a deformation along a <1 I I> axis 
would descend the Td symmetry to a trigonal C3, symmetry. It was also mentioned 
that the 1371 cm-1 line could originate from a centre with D2 symmetry. To produce 
this symmetry using the same VH4model a distortion needs to be applied such as to 
remove the dihedral symmetry planes. This type of deformation can easily be 
visualised by applying a shear about the primary axis. 
The 1353 cm- I absorption line was shown to haveC2v symmetry. A model 
consisting of two hydrogen atoms bonded to carbons neighbouring a common lattice 
vacancy would have the required symmetry, as depicted in Figure 8-16 below. The 
two other carbon dangling bonds could form a bridging bond. 
VH4(T 4D d 2d) b) VH2 (C2 V) 
Figure 8-16: Schematic diagrams of a) VH4 and b) VH2. The carbon atoms are shown in black 
and the hydrogen atoms are shown in red. The dotted circles represent lattice vacancies. 
Both VH4and VH2 defects have been observed in silicon [40,41,42]. These 
are just two examples of V, Hy defects (x and y integers) seen in silicon and there are 
now examples of such defects being identified in diamond [29]. For the required 
symmetries however for the 1371 and 1353 cm-1 lines in diamond however 
it is 
necessary to have an even number of hydrogen atoms. 
The lack of any associated C-H stretch modes for either the 1353 cm-1 or 
1371 cm-1 absorption lines is surprising (c. f the ratio between 3107 and 1405 cm- 
I of 
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- 10: 1). If the bending modes are observed then the stretch modes should be obvious. 
Perhaps the modes are located in the broad band at 2850 - 3000 cm-11? 
The 1353 cm-1 absorption line is larger than the 1371 cm-1 absorption line. if 
the proposed models are correct then this suggests that there are more VH2 centres 
than VH4 centres. Baker [43] discusses the importance of considering the 
growth/production mechanism of a defect when assigning a model. The paper 
suggests that for complex defects or aggregates one must understand how the 
constituent components were assembled. In the spirit of this paper it seems 
reasonable that one would expect to see more VH2 centres than VH4, however, using 
the same argument, one would expect there to be in the same as-grown samples a 
higher proportion of single hydrogen-vacancy complexes i. e. VH. Using the 
calibration constant determined for [NVH-] and the integrated intensity of the 
3123 cm-1 absorption line (Chapter 7 of this thesis) and the ratio between the 
integrated intensities of bend and stretch mode vibrations (inferred from the intensity 
between the 3107 and 1405 cm-1 absorption lines) it implies that the defects 
responsible (assuming they are from C-H bend vibrations) for the 1353 and 1371 cm-1 
absorption lines are present in concentrations of 26(7) and 15(5) ppm respectively. 
When this is compared to the concentration of KCLI centres, believed by Glover et 
al [29] to be the VH_ complex of - 0.5 ppm then the assignment that the absorption 
lines originate from partially/fully hydrogenated vacancies does not seem consistent. 
One should consider whether or not either of the defect might be observable 
using EPR. The neutral charge states of the proposed models are not paramagnetic 
and it seems unlikely that a fully hydrogenated vacancy would accept an electron 
since all the dangling bonds are compensated but VH2- should be paramagnetic. 
There is - 15(2) ppm N, donors in these samples so it is not unreasonable to expect 
the negative charge state exist. At the concentrations predicted (- 30 ppm) it is 
surprising that no corresponding EPR signal has been identified. 
Finally the VH3 defect is considered; if VH, VH2 and VH4 exist then why not 
VH3? Perhaps the 1362 cm-1 transition arises from a VH3 defect? This line is 
significantly less intense than either the 1353 or 1371 cm-1 absorption lines. A neutral 
VH3defect would be paramagnetic and would be expected to have a C3, symmetry. 
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8.6 Conclusions 
The 3324 cm-1 absorption line anneals out in the range 1100 - 1200'C 
according to a second order process. The KCL I defect cannot be responsible for this 
absorption line. The 3324 cm-1 absorption line has been determined to be an A4A 
transition at a trigonal centre and an H2* model was tentatively assigned. The 
annealing results imply that this defect is inhomogeneously incorporated in as-grown 
SC-CVD diamond. 
A line at 3030 cm- I anneals in rapidly at 1200 'C; uniaxial-stress 
measurements on an annealed sample would help to determine the symmetry and 
structure of this line. Annealing of an isotopically enriched sample might provide 
insight as to the constituent components of the defect responsible. 
The 1405 and 3107 cm-1 absorption lines have been shown to both originate 
from a trigonal centre (the transitions were A4E and A4A respectively). All the 
experimental evidence is consistent with an C3,, N: H model and it is inferred that a 
large number of absorbing centres could be present in natural type la diamond 
(> 102 PPM) which suggests the defect is not paramagnetic. 
Two previously unassigned lines at 1353 and 1371 cm-1 have been shown to 
incorporate hydrogen. The 1353 cm-1 absorption line originates from an A4B 
transition at a rhombic I centre. The 1371 cm-1 absorption line is either an A4B 
transition at a tetragonal centre or an A --> B transition at a rhombic 11 centre. 
Models were proposed (mainly on symmetry grounds) comprising of partially 
and fully hydrogenated vacancies (VH2 and VH4 respectively) however the models 
are ambiguous as there is a lack of corroborating evidence. The corresponding stretch 
mode vibrations for the 1353 cm-1 and 1371 cm-1 absorption lines have not been 
observed and no EPR signals have been positively identified as originating from 
either of the proposed models. A VF12- defect is expected to be observed by EPR. No 
absorption line has been attributed to originate from a VH3 defect and there is no 
evidence to link this with the previously unreported line at 1362 cm-1. 
The stability and method of incorporation of the defects responsible for the 
1353 and 1371 cm-1 absorption lines is unknown; annealing studies used in 
conjunction with 2 D-enriched samples might corroborate the proposed models. 
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Chapter 9 
9 
9.1 
Uniaxial-stress and annealing studies of NIR 
000 
absorption lines in 
diamond 
single crystal CVD 
Background and motivation for study 
The 7354 cm-1 absorption line can dominate the near infra-red (NIR) spectrum 
of nitrogen doped SC-CVD diamond [1,2]. The 7354 cm-1 and 6425 cm-1 absorption 
lines are mentioned in the paper by Charles et al [3] where they were seen to be strong 
in as-grown SC-CVD diamond and were removed after HPHT annealing at 1900'C, 
the kinetics of this process are unknown. 
The lines were shown to involve one hydrogen atom by isotopic substitution 
with deuterium (2 D); a large negative shift in the position of the 7354 cm- I absorption 
line upon isotopic substitution with 2D was observed [4,5]. A small positive shift 
observed upon isotopic substitution with 13 C and observations of the narrowing of the 
line width down to - 10 K indicated that this line is electronic in nature [4,5 ]. 
The 7354 cm-1 was therefore identified as a zero-phonon-line (ZPL). It is also 
observable using photoluminescence with 1064 nm excitation [6]. The 8753,7354 
and 6425 cm-1 lines correlate and hence probably originate from the same defect; the 
line at 6425 cm-1 originates from an excited transition and the line 8753 cm-' is 
consistent with a local-vibrational-mode (LVM) [7]. It was determined that the 
intensity of the 7354 cm-1 absorption line was typically 5(l) times greater than 
absorption at 6425 cm-1 and 20(8) times greater than absorption at 8752 cm-1 when 
measuring at room temperature (RT) [7]. The system of absorption lines observed in 
SC-CVD diamond in the NIR at 8753,7354 and 6425 cm- I shall be collectively 
referred to in this chapter as the "7354 cm-1 system". Below - 80 K the 6425 cm-1 
absorption line (from an excited state) had zero intensity as the population in the 
lower state of this transition thermalises out [7]. It was concluded that the 6425 cm-1 
absorption line originates from a low lying excited state. The 7354 cm-1 system 
has 
not been observed in either natural or HPHT synthetic diamond. Figure 
9-1 shows a 
diagram of the energy level model for the 7354 cm-1 system. 
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Figure 9-1: Diagram adapted from reference 17] showing the proposed energy level model for 
the 913.4 meV (7354 cm-1) system. This model assumes a trigonal C3, symmetry. The labels in 
meV are those as measured at 77 K 171. The labels in parenthesis are the equivalent energies 
measured at RT using a wavenumber energy scale. 
The measurements made by Glover [7] showed that the lines that make up the 
7354 cm-1 system shift with temperature. The values given in this thesis refer to the 
position of the peak at RT and it is for this reason that small shifts in energy are noted 
between the lines referred to in the literature (which were typically recorded at 77 K) 
and in this work. 
The absorption lines at 7190 cm-1 and 7223 cm-1 were found to correlate in 
intensity; these lines were proposed to originate from a ground state and a low lying 
excited state from the same centre. These lines were often seen to accompany, but 
their intensity did not correlate with, the 7354 cm-1 system [7]. 
The work by Fuchs et al [4,5] suggested that the defect responsible for 
absorption at 7354 cm-1 contains only a single hydrogen atom, however it is difficult 
to be certain of this from the data due to the large line width of the 7354 cm-1 line of 
- 50 cm-1. The negative shift of the 7354 cm-1 line of - 44 cm-1 upon substitution 
with 2D is comparable to the linewidth (at RT) of - 50 cm-1. The mixed isotope data 
shows that the two lines that are expected for the substitution of a single equivalent 
hydrogen atom are not resolved, there may be an additional third line lying 
underneath which would suggest a di-hydrogen related defect [4,5]. Interstitial 
hydrogen and hydrogen trapped at vacancy/vacancies are potential candidates for 
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absorption at 7354 cm-1. The bond centred hydrogen interstitial, HBC, has been 
discussed in theoretical papers and reviews where it is suggested to be the most stable 
isolated hydrogen interstitial in diamond [8,9,10]. The negative HBC_is predicted to 
be diamagnetic and it is estimated that it should have a C-H stretch LVM at 
- 2730 cm-1 however it is not explicitly stated what the uncertainty of this value is [8]. 
Theoretical modelling suggests the di-hydrogen interstitial, H2 * would be more stable 
than an isolated hydrogen interstitial [10]. To date neither HBc nor H2* has been 
positively identified in diamond. Vacancy-hydrogen complexes have been detected in 
SC-CVD diamond via electron paramagnetic resonance; namely the negative 
nitrogen-vacancy-hydrogen (NVH-) complex and negative vacancy-hydrogen (VH-) 
complexes [11,12]. The exact model for VH_ is contentious and it is argued that the 
defect could be a negative di-vacancy-hydrogen complex, V2H_ [13,14,15]. This 
defect will therefore be referred to in the remainder of this chapter by the label 
"KCLI". Work presented in this thesis shows that the NVH_ defect is still present (- 
50% the initial as-grown concentration) after annealing at 1600'C (Chapter 7) whilst 
the KCLI defect is removed after annealing at 1300'C (Chapter 6). 
The defect responsible for the 7354 cm-1 system is unknown. Investigation of 
defect symmetry and structures can provide discriminating information when faced 
with unknown defects. The theory of uniaxial-stress when applied to cubic crystals 
has been documented [16,17,18,19]. Initial uniaxial-stress measurements, looking 
at the 7354 cm-1 line suggest it has a trigonal symmetry [7]. These results were 
however rather limited and only a single stress direction was investigated (GII[001]). 
The ratios of the integrated intensities of the polarised (EII(Y or E-L(: T) stress split lines 
were consistent with an A4E transition at a trigonal centre [7,16,20]. 
Given this background the work in this chapter was motivated to answer the 
following questions: 
What is the stability of 7354 cm-1 system and other NIR absorption 
lines? 
(2) What is the symmetry of the defect responsible for the 7354 cm-1 
system? Is the tentative suggestion (transition and symmetry) correct 
e. g. A4E transition at a trigonal (C3,, )? 
(3) What is the defect responsible for the 7354 cm-1 system? 
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9.2 Samples and experiments 
A suite of three SC-CVD diamonds have been isochronally annealed between 
900 - 1600T to investigate the affects on the NIR absorption lines. For the purposes 
of this chapter these three samples shall collectively be referred to as set of samples 
"A" and the as-grown integrated intensities of the 7354 cm-1 system, as measured by 
room temperature (RT) FTIR spectroscopy, are listed below in Table 9-1. The 
concentration of N, + is estimated from the height of the absorption at 1332 cm-1 [21]. 
The samples were annealed for 2 hours at 100 'C increments starting at 900'C up to 
1600'C. The samples were annealed for four hours at 1600'C. 
Sample ID [N, +] 6425 CM-1 (CM-2 ) 7354 CM-1 (CM-2 ) 8752 cm-' (cm-2) 
Al 5.0(9) 44(7) 250(30) Il(2) 
A2 1.5(3) 9(2) 45(5) 2(1) 
A3 1.3(2) 13(2) 74(8) 2(1) 
Table 9-1: Table showing the as-grown integrated intensities for NIR absorption lines in SC- 
CVD diamond samples used during isochronal annealing studies as measured by RT FTIR. 
Two nitrogen doped SC-CVD samples were used for uniaxial-stress 
measurements. These are the same samples described in Chapter 4: Experimental 
Details and in the uniaxial-stress work presented in Chapters 7 and 8. 
A SC-CVD sample grown with deuterium enriched source gasses (i. e. 
2 D2and 
CH4)was used to investigate the effect of isotopic substitution on NIR absorption 
lines. 
9.3 Isotopic substitution with 2D 
Figure 9-2 shows data obtained from the 2 D-enriched sample and compares it 
to a sample grown in the absence of 
2 D. The 6856 cm-1 absorption line exhibits a 
negative shift of 23(3) cm-1 in the deuterated sample. A negative shift of 44(3) cm-1 is 
observed for the 7354 cm-1 absorption line in the deuterated sample whilst a positive 
shift 7(3) cm- I is observed for the 6425 cm-1 transition. 
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Figure 9-2: Plot showing a portion of the RT NIR spectrum of two SC-CVD diamonds. The data 
in black (below) is from a SC-CVD diamond grown with naturally abundant source gasses and 
the data in blue (above) is from a SC-CVD diamond grown with 2 D-enriched source gasses. 
The shift of NIR lines observed in the 2 D-cloped sample is in keeping with 
observations made by other observers [4,5]. The large negative isotope shift 
observed for the 7354 cm-1 absorption line in the deuterated sample should be 
compared with the small positive shift for the 6425 cm-1 transition. Small positive 
shifts are expected for electronic transitions and large negative shifts for vibrational or 
vibronic transitions [22]. This suggests that the 7354 cm-1 transition could be a 
phonon sideband of a forbidden electronic transition. 
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9.4 Isochronal annealing - NIR results 
Figure 9-3 shows a set of isochronal annealing data for sample AI in the NIR 
range. Many absorption lines are observed to change in intensity and the changes are 
listed below in Table 9-2. 
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Figure 9-3: RT NIR spectra for sample Al, isochronally annealed as described in Chapter 4. The 
spectra are offset by 1.1 cm-' for clarity. Lines labelled A-L are listed in the text. Black arrows 
denote lines that anneal out and red lines denote lines that anneal in. It is unclear if the line 
denoted by the blue arrow anneals in or is simply revealed as an overlapping line anneals out. 
There was no appreciable difference between the as-grown spectra and that after a 900'C anneal. 
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5600 6000 6400 6800 7200 7600 8000 8400 8800 
A. 5579(4) cm-1; a broad line that starts to anneal out at 1300'C and has completely 
gone after annealing at 1500 1C. Linewidth = 75(5) cm-1. 
B. 6353(2) cm-1; a very weak line. It is unclear if this line is annealing in or whether 
it is masked by the 6425 cm-1 line and is simply being revealed as the 6425 cm-, 
narrows and anneals out. Linewidth = 25(5) cm-1. 
_ - __ _ C. 6425(ý ) cm - T; starts to anneal out after annealing at 1300'C. Weak but still 
present after annealing for four hours at 16000C (recall that all other temperatures 
were annealed for two hours). Linewidth = 50(5) cm-1. 
D. 6856(2) cm-1; anneals out at - 12000C. Very weak but still present after 
annealing at 1500 'C. Linewidth = 15(3) cm-1 - 
E. 6962(l) cm-1; a weak but sharp line that anneals in at 1300'C. 
Linewidth = 15(3) cm-1. 
_ _ F. 7l90(T) c W; along with the line at 7223 cm-' this line appears to accompany 
(but does not correlate with) the typically dominant 7354 cm-, line in as-grown 
SC-CVD diamond. It grows after annealing at 1200'C steadily up to 14000C. 
The line then anneals out and rapidly vanishes after annealing at 1600'C. 
Linewidth = 15(5) cm-1 - 
G. 7223(3) cm-1; similar in width to the 7190 cm-1 line but larger in intensity than 
the as-grown material. This line drops to - 50% its original intensity after 
annealing at 1300'C. The line is then stable up to 16000C after which it has 
vanished. Linewidth = 20(5) cm-1 . 
H. 7354(2) cm-1; starts to anneal out after annealing at 13000C. Weak but still 
present (- 5- 10% the as-grown intensity) after annealing for four hours at 
I 1600'C. Linewidth = 45(5) cm- . 
1. 7532(2) cm-1; a weak line that anneals in after annealing at 14000C. Linewidth = 
30(4) cm- I- 
J. 7804(l) cm-1; a sharp line that anneals in after annealing at 1400 OC. Linewidth = 
7(2) cm- I- 
K. 7917(l) cm-1; a weak but sharp line that anneals in after annealing at 1400 OC. 
I Linewidth = 11(5) cm- 
L. 8752(3) cm- 1; starts to anneal out after annealing at 13000C. Weak but still 
present after annealing for four hours at 16000C. Linewidth = 30(5) cm- 
I- 
Table 9-2: Table qualitatively detailing the changes that are observed to occur with absorption 
lines in the NIR spectra of sample set A. 
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Figure 9-4: Plots showing the average integrated intensity of a) the 7354 cm-1 system and b) the 
7804 and 7917 cm-1 absorption lines, as measured in sample set A by RT FTIR spectroscopy after 
isochronal anneals as detailed in section 9-2. Each line has been normalised such that the 
maximum integrated intensity of that absorption line is equal to unity. 
The three lines that make up the 7354 cm-1 system have the same annealing 
behaviour; consistent with the proposed model that all three lines originate from the 
same defect [7]. Before the lines anneal out at temperatures > 1300'C there is 
possibly a small increase in intensity, commensurate with the uncertainty in the 
measurements. If this is the case then it is unknown what the mechanism might be; 
could this be due to the creation of more centres or perhaps due to charge transfer 
effects? After annealing at 1600'C the intensity of the 7354 cm-1 system is typically 
5- 10% the intensity after the anneal at 900'C. The annealing behaviour of the VH- 
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and NVH- defects are inconsistent with that for the 7354 cm-1 system. therefore 
neither of these defects are responsible for the absorption system. 
The 7190 and 7223 cm-1 absorption lines (lines F and G respectively in Figure 
9-3) appear to have different annealing behaviours. This is inconsistent with the 
model proposed whereby these two lines originate from the same defect [7]. 
Several sharp NIR lines are also observed to anneal in, the strongest being the 
7804 and 7917 cm-1 absorption lines. These two lines correlate as shown in Figure 
9-5 below. These lines do not correlate with the 7532 cm-1 absorption line that 
appears to anneal in at the same temperature. These lines are important as they are 
observed in samples that have been annealed to a high temperature (1400 - 1600'Q 
without stabilising pressure. Above this temperature diamond will rapidly graphitise 
without stabilising pressure [23]. It is known that HPHT annealing can improve the 
colour of diamond and that changes in the colour of type I diamond have been 
observed even when annealing at 1600'C at ambient pressure [24,25,26]. The 
presence of these two sharp lines has only been observed in annealed SC-CVD 
diamond. Using the gradient of the plot, it is calculated that the 7914 cm-1 absorption 
line is one third the intensity of the 7804 cm-1 (within experimental error). 
Several of the as-grown lines listed in Table 9-2 have been identified as 
involving hydrogen and there are examples of defects that clearly contain two 
hydrogen atoms [4,5]. The 6856 cm-1 absorption line involves one hydrogen atom 
and anneals out at the same temperature as the KCLI defect. None of the lines listed 
correlated with the Ns 0ý NVEF or KCL I paramagnetic defect concentrations. 
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Figure 9-5: Plot showing the correlation between the 7804 and 7917 cm-1 NIR absorption lines as 
measured by RT FTIR spectroscopy. Both lines anneal in at 1400'C. The red line is an 
unconstrained linear fit, weighted by the errors that passes through the origin (within 
experimental error) and has a gradient of 0.30(4). The Pearson's product correlation coefficient 
for this plot is > 0.95. 
The 7804 and 7917 cm-1 lines are seen to anneal in as the 7354 cm-1 system 
anneals out. By assuming a first order kinetics model, it is possible to fit both sets of 
data. As the 8753,7354 and 6425 cm-1 lines correlate and the 7804 and 7917 cm-1 
also correlate (see Figure 9-5), the relation between the largest lines of each group 
(7354 and 7804 cm-1 respectively) were fitted. There is some evidence to suggest that 
the 7354 cm-1 absorption line might increase in intensity. Consider the following 
reaction: 
4 [B] 4 [C] (9-1) 
where the concentration of centre X is related to the integrated intensity, Ax and a 
constant 6x, by 
5x A x. (9-2) 
Recall from Chapter 4 that I, = 
fu(E)dE. (9-3) 
peak X 
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According to I" order kinetics, the rate of change of defects A, B and C are given by 
d[A] 
[A], 
dt 
d[B] 
k, [A] - k, [B] and dt 
d[C] 
k [B], 
dt 
where the rate constants k, and k2 have the usual form. 
following solutions: 
I, = 
IB = 
(5 Ak 
-kl 
I Ao [e e 
(-k2l) 
+ IB, e 
(-k2l ) and 6B 
2 
(9-4) 
Equations (9-4) have the 
IC = 
45A IAO 
e+e 
(-k2l) 
Oc k -k k -k k -k 212121 
6c 
In such a model IBand Ic are the integrated intensities of the 7354 cm-1 and the 
7804 cm-1 absorption lines respectively. Defect A is an unknown centre but is 
introduced to allow for an increase in defect B. Subscripts with a zero indicate the 
integrated intensity of the absorption line at the beginning of each anneal. It is 
assumed that [C] =0 in the as-grown samples (i. e. ICO =0 at T= 900'C). There is no 
evidence for absorption at either 7804 or 7917 cm-1 at this temperature. 
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Figure 9-6: Plot showing the growth and decay of the 7354 cm-1 (black squares) and 7804 cm-' 
(red circles) NIR absorption lines. The fit to both sets of data as detailed in the text are shown by 
the curves. 
The model used to fit the data used a least squares fitting procedure to best 
describe the data. The model was tested for robustness by creating a new data set 
from the original data, with the new data points allowed to randomly take any value 
within the experimentally determined errors. The model produced very similar results 
indicating the model used was robust. The variable parameters describing the two 
rate constants ki(Eal, vol) and k2(Ea2, VO2) determined with this model are: 
E,,, = 3.2(4) eV Eý, 2= 4.4(4) eV 
vol -- 5x 10 
7 Hz V02-- 5x 108 Hz 
with constants related by: 6A =: l50(20)6Band6B= 0.009(4) 6C. 
9.4.1 Discussion of NIR annealing results 
The annealing model for the 7354 cm-1 system (and the 7804 cm-1 system) 
tends to suggest that the 7804 cm- 
I system is created as the 7354 cm-1 system anneals 
out. The annealing model for the 7354 cm-1 system (and the 7804 cm-1 system) 
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assumes there is a third defect (labelled defect "A" in the model) present. This defect 
is introduced in the model to describe the observed increase in the intensity of the 
7354 cm-1 intensity. Strictly there is only one point, the anneal after 1200'C, that has 
increased by an amount greater than the experimentally determined error. There is 
only one data point that suggests that there might be an increase and if the error in 
integrated intensity were much larger, the argument could be made that there is no 
increase in intensity and therefore no evidence for defect "A". If this were true then it 
does not significantly impact the model; by assuming that initially IAO =0 (i. e. defect 
"A" does not exist) and changing the value of I BO to the average intensity of the 900 - 
1200'C, the rate constant k2, describing [B] 4 [C] (7354 cm-1 4 7804 cm-1) does not 
change within the uncertainty quoted. The predicted intensity, and hence 
concentration of defect A is predicted to have fallen to zero before any 7804 cm-1 is 
created. The presence or lack thereof of such a defect only has minimal consequences 
for the intensity of the 7804 cm-1 line. 
The model used provides a good fit to the experimental data. Isochronal 
annealing experiments are not enough to unambiguously assign an order to the 
annealing reaction and so the result determined in this work must be regarded as 
tentative [27]. The bond dissociation energy value for C-H bonds is 4.3 eVt; this 
figure is an average of different C-H bond energies for C,, H,,, -H molecules listed in the 
CRC Handbook of Chemistry and Physics [28]. The activation energy describing the 
reaction [B] 4 [C] is comparable to the breaking of a C-H bond. The attempt 
frequency, V02,, seems to the very low when compared to the frequency of a C-H 
vibration (- 1013 Hz). However, within the uncertainty quoted for the activation 
energy, E, 2, the attempt frequency can take values between 
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_ 
1010 Hz. The wide 
range of values is typical for a fit to isochronal data and highlights the need for a set 
of isothermal annealing experiments. 
Isotopic substitution studies have shown that the 7354 cm-1 system involves a 
single hydrogen atom [4,5]. It would be interesting to anneal the isotopically 
enriched samples at 1500 - 1600T to see if the 7804 cm-1 and 7917 cm-1 shift upon 
substitution with deuterium or 
15N. As the data seems to fit to a first order decay 
process it suggests that either defect "B" is dissociating or it is migrating as a unit to a 
sink that is found in concentrations much greater than [B]. Nitrogen is an obvious 
ý 4.3 eV is equivalent to - 420 U mol-' 
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candidate for an abundant sink and if this is the case then it might be hoped that 
substitution with 15 N would show a dependence on the line positions of the 7804 cm-1 
systems. The lack of a shift upon substitution with deuterium however,, would imply 
that the hydrogen is not a constituent atom of the defect responsible for absorption at 
7804 and 7917 cm-1. This would help in determining the structures for both the 7354 
and 7804 cm-1 systems; however, care should be taken when interpreting the absence 
of a line in isotopically enriched sample; it might simply be that the defect is not 
being incorporated. 
The relative strengths of the constants6A, 6Band 6C relating the concentrations 
of defects A, B and C have been determined. If the absolute concentration of either 
[A], [B] or [C] were known then the other two could be inferred using the results in 
this work. The results also suggest that any signal from defect "A" would be very 
small, perhaps explaining why no obvious candidate for such a defect has so far been 
identified or perhaps there simply is no defect "A". 
The changes observed in the NIR region have been qualitatively described. A 
general observation is that broad lines anneal out and sharp lines that anneal in. No 
correlations with any known paramagnetic defects (KCLI or NVH-) were observed 
and any correlations with other NIR lines have already been mentioned. Some lines 
such as the 6856 cm-1 absorption line anneal out at fairly modest temperatures but in 
general, most changes occur between 1300 - 1500'C. This is comparable to when 
changes are observed in the MIR region (see for example Chapter 8 of this thesis). 
9.5 Uniaxial-stress results 
The NIR uniaxial-stress spectra for SC-CVD diamond described in Section 9- 
2 are shown in Figure 9-7 below. 
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Figure 9-8: Plot showing the shifts and splittings of the 6425 cm-' as a function of uniaxial-stress 
with a) uJI1001], b) uJI11111, c) uJI11101 and J-10011 and d) crI111101 and 111101. Open circles show 
the positions of those lines experimentally observed with ElIcy and black squares with Ej-(: F. The 
lines show the theoretical fit to the data for an E4E transition at a trigonal centre, using the 
parameters listed in Table 9-5. A dashed line indicates the line only appears when ElIcr and a 
dotted line indicates the line only appears when E-La. If a transition occurs in both polarisations, 
this is shown by a solid line. The labels correspond to the transition frequencies in Table 9-4. 
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Figure 9-9: Plot showing the shifts and splittings of the 7354 cm-' as a function of uniaxial-stress 
with a) crI110011, b) crI111111, c) ajj[1101 and 110011 and d) cv1111101 and J-[I 101. Open circles show 
the positions of those lines experimentally observed with Ellcy and black squares with E-L(: Y. The 
lines show the theoretical fit to the data for an E4E transition at a trigonal centre using the 
parameters listed in Table 9-5. A dashed line indicates that the line only appears when EjjCF and a 
dotted line indicates the line only appears when E-Lcr. If a transition occurs in both polarisations, 
this is shown by a solid line. The labels correspond to the transition frequencies in Table 9-4. 
The linewidths of the stress-split components were, within the limits of 
uncertainty, the same as the linewidth of the unstressed 7354 cm-1 absorption line, 
apart from in the [I 10] directions. This suggests that there may be extra lines that are 
not quite resolved in these directions. Assuming that the defect has orientational 
degeneracy (as opposed to purely electronic degeneracy) then one can start to define 
the class and symmetry of the spectra using the table in Runciman [29]. Spectra 
which have at least 2,3 and 3 stress-split components in unpolarised spectra in the 
(YII[OOI], [111] and [110] directions respectively, can only originate from a 
monoclininc 1,, triclinic or trigonal defect. The monoclinic I and triclinic point groups 
can be ruled out since it is known (Glover [7]) that some of the stress split 
components thermalise out as the temperature is reduced and there are no E-states 
(doubly degenerate) in either the triclinic or monoclinic I point groups [32]. This 
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implies that an E state must be involved; triclinic and monoclinic I transitions all 
occur between (non-degenerate) A-states [19]. The only options left are between an 
A4E and an E4E transition at a trigonal centre. As shown in Figure 9-7 when 
uJI[I 10] and EII[I 10] it can clearly be seen that the 7354 cm- I absorption line has split 
into three lines. The maximum number of lines one could expect to observe in 
polarised spectrum for an A4E transition is two [19,30]. The only possible point 
group that can not be ruled out is therefore an E4E transition at a trigonal centre. 
Therefore the evidence with all[1101 shows that the inferred result of an A --) 
transition is incorrect [7]. 
(P I : -- AI+2B 
T2 At-2B 
T3 AI+2A2 
(P4 AI_2 /3A2 +4 /3 C 
T5 AI- 
2-13A2 
_4 
/3 C 
(P6 A, +A2-B+C 
T7 A, +A2+B-C 
T8 Al -A2+ B+C 
T9 Al -A2-B-C 
Table 9-3: Table defining parameters used in the fitting of a trigonal point group under uniaxial 
stress. For an E4E transition each parameter: A,, A2, B and C can be 
labelled as from a 
ground or an excited state by using superscripts g or e respectively, and, to 
differentiate between 
the two degenerate levels the labels 0 and e are also used (this is the notation used by reference 
1191). 
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Table 9-4: Table and notation are adapted from Davies and Nazarý [311 using substitutions from 
Table 9-3 to show the stress induced shifts, splittings and the intensities of those components 
when the light is polarised either parallel or perpendicular to the direction of stress for an E4E 
transition at a trigonal centre. The ground and excited states are denoted using the superscripts 
g and e respectively. The degenerate states are also denoted by the basis functions of the states 
using the superscripts 0 and 6 to distinguish the different levels (note that there is no difference 
between the 0 and e states in the O)e/E transition [311). The labels are used to identify the 
transitions for the 6425 cm-1 transition (label "x") in Figure 9-8, and the 7354 cm-1 transition 
(label 'IF') in Figure 9-9. 
When fitting an E4E transition at a trigonal centre there are eight unknown 
variable parameters. There are also eight spectra obtained. However, one can aid the 
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fitting procedure through careful observation of the experimental data. When looking 
at the larger, 7354 cm-1 absorption line it can be deduced that both d and D are non- 
zero; if D were zero then one could not account for all the experimentally observed 
lines and if d were zero, then there would be two equally intense lines observed when 
all[OOI] and EffOOI]; experimentally only one line is visible. This can only occur 
when d =± ý2 D. The signs of &D, Beý Bg, Ce and Cg can all be simultaneously 
changed without changing the predicted spectra [ 19]. For the purposes of this 
I 
tr discussion, it shall be assumed that d=+ ý2 D. Upon this substitution, the Col' 
ground transition describes the only line that should be visible when all[OOI] and 
E11[001]. 
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Figure 9-10: 111 spectra showing the thermalisation of two lines, labelled I, and 12, with (TIJIOOI I 
and EII[I 101. Data taken at cy = 2.7 GPa. 
The 7354 cm-1 line shows that in certain polarised stress directions some of the 
lines thermalise out, that is the intensity decreases as the higher energy state 
depopulates. The data for al 1 [00 1] and El I[I 10] clearly shows an increase in intensity 
of one line and the simultaneous decrease of the other (Figure 9-10), 
just as was 
previously reported [7]. A model that uses a partition 
function to describe the 
population of these two lines produced a good fit to the 
data. For an E4E transition, 
these two lines must both originate from the split ground state. The transition that 
increases in intensity as the temperature lowers must therefore be associated with the 
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low lying state of the split ground state as it will be this state that populates as the 
higher lying state depopulates. The o-, ý2 ground states can therefore be assigned to the 
low lying state of the split ground state. The difference in energy between the two 
transitions, AE, is simply then the difference between the two states of the split 
ground state, described by 
+0)9 
((00 
1 (7)- 
((oo 
- (ogG)= 4Bgcy = AE. 2 (9-6) 
This means that the difference in energy between the stress-split ground state 
is only dependent upon B1. It can be shown from a partition function that the ratio of 
the intensities of the low lying (I, ) to high lying (12) ground states are related to AE by 
12 AE 
11 =A exp - kBT 
(9-7) 
where A is some constant relating the strength of absorption to the number of 
absorbing centres and kB is Boltzman's constant. 
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Figure 9-11: Plot showing how the integrated intensities of two stress split lines with c7111001 
I and 
E-Lcy changes as the sample is cooled at a constant uniaxial-stress of 
2.7(1) GPa. Closed squares 
denote the line that populates and is associated with the lowest lying state (12) and the transition 
that depopulates, shown by open triangles is labelled as I,. The curves are 
fits to the data using a 
standard partition function model. 
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Making the substitution shown in (9-6) into (9-7) it can be shown that the 
natural logarithm of the ratio of the two lines, plotted as a function of (- 4 cy / kB 7-), 
where the stress was kept constant at 2.7(l) GPa, should yield a straight line plot 
whose gradient is equal to BI. This plot is shown in Figure 9-12 where the value of B9 
is determined to be - 2.2(l) cm-1 GPa-' 
1.6 
1.4 
1.2 
1.0 
0.8 
0.6 
0.4 
-4 cr /kBT (GPa cm- 
1) 
Figure 9-12: Plot to determine the magnitude of B4 from the ratio of the intensities of the stress 
split ground state, with (: 71110011 and E-L(y, as a function of reciprocal temperature. The 
magnitude of cy = 2.7(1) GPa. The red line shows a linear fit with a gradient of -2.2(l) GPa cm-' 
and an intercept with the y-axis of 0.40(3). 
The parameters A, 9 and A, ' always appear together as (A, ' - A19 = AA, ). It is 
therefore not possible to determine the values for either and only the difference, AA I 
can be calculated. This means there are only two true variable parameters left to fit 
the (YI 1 [00 1] data, B' and AA 
If thermalisation occurs with al I[III] then the effects are very small and can 
be neglected at the temperatures investigated (- 30 K). Examination of Table 9-3 
and Table 9-4 implies that C9 is therefore small or zero. The thermalisation data 
could not therefore be used as a guide to allocate transitions in this stress direction. 
Thermalisation is also expected to be observable when (Y11[110] since these 
transitions depend on Bg and it has already been established that this can lead to a 
difference in the split ground state energy levels. Data for (: Fjj[I 10] and EII[I 10] 
204 
-0.5 -0.4 -0.3 -0.2 -0.1 
(Figure 9-13) shows that at very low temperatures (- 6.5 K) thermalisation is indeed 
observed. The transitions occurring from those lines that thermalise out were 
therefore allocated to a transition occurring from the lowest lying ground state. The 
measurements in this particular stress direction were conducted using a different 
cryostat at King's College London and the minimum temperature achieved was lower 
at 6.5 K. A simulation, which used a partition function to describe the population of 
the states at temperature, T, produced a poor fit to the observed spectra at T=6.5 K 
(i. e. the relative increase/decrease of the intensities of the stress-split lines was not 
reproduced using the parameters listed in Table 9-5). 
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Figure 9-13: Plots showing data for the 7354 cm- I absorption line with aJJj I 101 and EIJI 1101 at 
a=2.5 GPa, as the sample is cooled from 90 to 6.5 K. 
The remaining transitions in the other stress directions were assigned using the 
RT transition probabilities as a guide. A least squares fitting method was employed to 
optimise the AA 1, A2, B and C parameters (constraining B9 to the experimentally 
determined value and C9 to be small) to best describe the positions of the stress 
split/shifted lines. The line positions and intensities at RT have been predicted using 
a least squares fitting method-, the results are shown in Figure 9-7 by a series of 
vertical lines. The predictions shown in Figure 9-7 a) when all[001] and 
Ella match 
the observed data but this is not a good test of the model since the values of 
d1D were 
chosen to fit this direction/polarisation. It can 
be seen that the predictions of the 
intensities and positions are in relatively poor agreement with the observed 
data, of 
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the eight stress data shown in Figure 9-7 for the 7354 cm-1 absorption line, only half 
are in close agreement with the current model that uses the values listed in Table 9-5. 
Since the 6425 cm-1 disappears at - 100 K it is not possible to conduct the 
same type of analysis to allocate transitions [7]. It was observed however that when 
cyll[I 11] and EII[I 11] there are two lines with roughly equal intensity. From Table 9-4 
it can be shown that if d1D ý2 then 2 transitions of equal intensity will be present as 
will a third line with -- 3% the intensity of either of the two other lines (lines that 
contribute less than 5% of the overall intensity were ignored in Figure 9-7). The 
perpendicular polarisation can be manually deconvolved into three lines in the 
intensity ratio of 6.0(5): 3.2(4): 1.8(4). Five lines are predicted using the current 
model/parameters but it is reasonable to say that not all the components would be 
resolved at 3.1 GPa and so three lines in the ratio of 6.0: 3-5: 1.5 might be expected as 
shown in Figure 9-7 b). The value of d1D also Predicted the intensities of the other 
lines, present in other stress directions/polarisations adequately. The fit for the 
6425 cm-1 line to experimental data is significantly better than the fit for the 7354 cm-1 
line. 
Parameter Value (6425 cm-') Value (7354 cm-') 
A, e- All 6.9(3.0) 5.5(2.5) 
A' 2 -0.3(2.0) -4.0(1.5) 
Ae 2 10.5(2.0) 7.0(1.5) 
Bg 4.3(1.0) T 2.2(1) 
Be 13.0(2.0) :F6.5(1.0) 
Cg :F0.8 (2.0) ± 0.8(1.5) 
Ce T- 4.5 (1.5) :F3.5 (1.5) 
dID 2.0(6) IA(5) 
Table 9-5: Table showing the experimentally determined values for the fitting of an E4E 
transition at a trigonal centre. All parameters are measured in units of cm-1 GPa-1 with the 
exception of WD which is dimensionless. D is non-zero. The simultaneous changing of signs of 
RI, B', C9, C' and &D leaves the stress pattern unchanged and therefore it is not possible to know 
the signs of these parameters 1311. 
9.5.1 Discussion of NIR results 
Both the 6425 and 7354 cm-1 lines can be described by an E4E transition at 
a trigonal centre. Examination of group character tables suggest that the most 
like1v 
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trigonal point group with four E states that can exist in diamond is D3d [32]. The 
abundance of Ns+ in these samples might suggest that this defect would exist in the 
negative charge state [33]. If so, could this defect account for the unknown charge 
trap highlighted in Chapter 5 of this thesis? 
The work by Fuchs et al [4,5] showed that the 7354 cm-1 system must involve 
hydrogen and it is suggested that only one hydrogen is involved. The simplest model 
that can be constructed utilising this information is the negative bond-centred 
hydrogen interstitial (HBC-), depicted in Figure 9-14. The 7354 cm-, line typically 
dominates the NIR spectrum in N-doped SC-CVD samples. This indicates that either 
there is a large amount of the defect responsible or that the oscillator strength is very 
high. HBCcould be present in very large amounts; the question then arises of where 
are the C-H stretch vibrations? It is possible that that C-H stretch vibrations are 
hidden in the very broad C-H band (see for example Chapter 8 of this thesis) in which 
case identifying it would be very challenging. The prediction that HBCin the negative 
charge state should have a C-H stretch at - 2730 cm-1 is sufficiently far away from the 
broad C-H band that it should be easy to observe [8]. Further, the calculations show 
that in the negative charge state the effective charge (the effective charge governs the 
intensities of the absorption lines) is between 102 _ 104 times greater than the neutral 
or positive charge states [8]. A line is observed experimentally at 2730(3) cm-1 in 
nitrogen doped SC-CVD samples at this energy. However, it is still present (the 
strength of this line has not changed) in three samples that have been annealed for 
four hours at 1600'C. Annealing under these conditions destroys both the 7354 cm-1 
line and 6425 cm-1 absorption lines. 
If one considers the molecular bonding of a neutral HBc defect, it can be seen 
that bonding wavefunction must overlap the p-orbitals from the two carbon atoms 
(labelled Q, and Cb in Figure 9-14) and the s-orbital from the hydrogen atom along the 
<1 I 1> axis. Using a symmetry adapted basis predicts a very 
deep, doubly occupied 
level of A, symmetry (1/43 (Yca + YCb + YH)), a singly occupied 
level of A, symmetry 
below the conduction band (1/46 (YCa + YCb - 2YH)) and a second unoccupied 
level 
below the conduction band of A2 symmetry (IN2 
(YCa - YCO. There are two 
important consequences of this which contradict the experimental observations: 
"I . ý-07 
The work by Glover [7] showed that the 6425 cm-1 absorption line 
must originate from a low lying excited state. However the bonding 
implies that the excited state would not be located in vicinity of the 
ground state. 
The transitions are all expected to occur between singlet (A) states 
whilst the experimental uniaxial stress data suggests that the transitions 
occur between doubly degenerate (E) states. 
HBC b) H2* 
Figure 9-14: Schematic diagrams of a) the bond centred hydrogen interstitial, HBO and b) the di- 
hydrogen interstitial, H2* in which the hydrogen atom Hb is bonded in the back bonded 
interstitial position. Carbon atoms are shown in black and the hydrogen atoms are shown in red. 
Diagrams adapted from reference 1101. 
As discussed in Section 9.1 the possibility that the defect responsible for the 
7354 cm-1 system contains more than one hydrogen atom can not be unambiguously 
ruled out. The most stable di-hydrogen interstitial is predicted to be the H2* defect, 
depicted in Figure 9-14 [10]. This defect has a C3, trigonal defect and not a D3d 
symmetry and so is not a candidate for the 7354 cm-1 system. 
It is unclear where the hydrogen atom(s) might be located in the defect. The 
trigonal symmetry must be preserved; for example, a model whereby hydrogen 
atom(s) motionally average/hop between the three carbon atoms at the end(s) of a di- 
vacancy would also account for a trigonal centre. 
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a)V2H (V-H-V) 
V2H2 (H-V-V-H) d)V2H (V-V-H) 
Figure 9-15: Schematic diagrams of vacancy hydrogen complexes with a trigonal D3d symmetry. 
They are a) the hydrogen split di-vacancy, b) a di-vacancy in which all the dangling bonds are 
saturated with hydrogen atoms, c) a di-vacancy in which a single hydrogen atom hops/tunnels 
between the three carbon dangling bonds at each end of the di-vacancy and d) a di-vacancy in 
which a single hydrogen atom hops tunnels between the three carbon dangling bonds at either 
end of the di-vacancy and rapidly exchanges between the two ends of the di-vacancy. Carbon 
atoms are shown in black and hydrogen atoms in red. Dotted (black) circles represent lattice 
vacancies and the smaller dashed (red) circles represent the positions that hydrogen atoms can 
hop between. 
For a static system involving only one hydrogen, the negative split di-vacancy, 
(V-H-V)-, seems a likely candidate for the 7354 cm- I system. However it is unknown 
if the hydrogen atom would be stable in this configuration. This model and three 
other candidates are shown in Figure 9-15. Models b) and c) involve multiple 
hydrogen atoms. To preserve a trigonal symmetry either all three dangling bonds at 
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both ends of a di-vacancy are attached with hydrogen atoms (H3-V-V-H3)- or. two 
hydrogen atoms, one at either end of the di-vacancy, tunnel/hop between the three 
carbon dangling bonds. Note that the 7354 cm-1 is an electronic transition: therefore 
there must exist band gap states in the proposed defect. This would rule out model b) 
as a potential candidate. Also, since this is not a vibrational mode, the arguments that 
any motional averaging may appear slow on an optical measurement timescale, do not 
apply [34]. It is interesting to note that partial substitution of hydrogen with 
deuterium in models containing multiple hydrogen atoms could lower the symmetry. 
In the example forV21-12it can be seen that in a sample grown with a H: D ratio of 1: 1, 
there should be three different combinations present, V2H2, V2D2 andV2HD. The 
latter would not have D3dsymmetry but would instead have C3, symmetry. Finally a 
fourth model is proposed as depicted in Figure 9-15 d). This is essentially the same 
defect as shown in model a) but in this model the hydrogen atom is not static but 
motionally averages between the carbon dangling bonds to preserve the trigonal 
symmetry. The hydrogen atom would also have to exchange between either end of 
the di-vacancy to account for the D3d point group and this exchange would have to be 
as rapid as the rate at which the hydrogen hops between the carbon atoms at one end. 
The presence of another, more massive impurity such as nitrogen or silicon, 
can not be excluded. To preserve the symmetry, any heavy impurity defect would 
most likely be positioned along the principle axis of the defect, perhaps in the split di- 
vacancy position. If such an impurity were nitrogen however, then from the previous 
isotopic substitution studies it can not be bonded to a hydrogen atom [4,5]. This 
makes an N-H-N defect highly unlikely. 
The LVM at 8753 cm-1 that has been shown to correlate with the 7354 cm- 
I 
has not been fitted. The intensity of these broad lines coupled with the poor signal 
to 
noise in this part of the NIR spectrum would make quantitative analysis 
difficult. A 
phonon sideband has also been identified at - 
7850 cm-1. The energy difference 
between this broad feature and the 7354 cm-1 ZPL is consistent with a phonon energy. 
This feature is extremely broad making reliable quantitative analysis impossible. 
Qualitative inspection shows however that both the LVM and the phonon sideband 
seem to shift and possibly split in sympathy with 
the 7354 cm-1 absorption line (this 
was observed in both polarisations when (; 
11[001] as shown in Figure 9-16). This 
would imply that the phonon coupling the 
two is an AI phonon. 
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Figure 9-16: Uniaxial-stress data taken at RT at 2.8 GPa with crI11001 1. The solid arrows denote 
the positions of the stress-split components of the 7354 cm-' absorption line, the phonon sideband 
and the LVM. The broken arrow denotes an unaccounted absorption line. 
The all[OOI], E11[001] (Figure 9-16) data shows a very weak line that appears 
to shift from 7354 cm-1 to a higher wavenumber as the magnitude of stress is 
increased. This line is so far unaccounted for and the current stress fitting parameters 
do not predict its presence. It is possible however, that this line originates from a 
forbidden transition that is induced under deformation. 
Finally, the spin of the defect responsible for the 7354 cm-1 system should be 
considered. No correlation has been observed with any known paramagnetic defect. 
Either the ground state of the defect responsible is not paramagnetic (i. e. has an 
overall spin of zero) or it has yet to be observed with EPR (perhaps due to a very 
broad linewidth or high susceptibility to microwave power saturation? ). Without 
knowing more precisely what the defect is, it is impossible to try and deduce what the 
overall spin might be. The 7354 cm-1 typically dominates the NIR spectrum in the 
nitrogen doped SC-CVD samples studied; it is therefore surprising that if the ground 
state of the defect is paramagnetic, that no new EPR signal has been observed in these 
samples. 
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9.6 Conclusions and further work 
The 7354 cm-1 system anneals out in the range 1300 - 1600'C at the same rate 
that two unidentified lines at 7804 cm-1 and 7917 cm-1 (which were shown to correlate 
with each other) anneal in. The 6425 cm- I and 7354 cm-1 absorption lines have both 
been fitted to E --> E transitions at a trigonal centre suggesting the point group of the 
responsible defect is D3d- The current fit to the 7354 cm-1 data is modest but the fiit to 
the 6425 cm-1 line is in good agreement with experimental data. The centre 
responsible for the 7354 cm-1 system is still unknown but different models have been 
discussed. Interstitial hydrogen defects are not consistent with the observed data and 
it seems likely that this defect is a di-vacancy-hydrogen related defect. It is probable 
that the ground state of the defect is not paramagnetic and it is possible that the defect 
has an overall negative charge. 
Isothermal annealing experiments could be performed to accurately determine 
the kinetics of the 7354 cm-1 annealing process. Annealing isotopically enriched 
samples might provide some insight as to the composition of the defects responsible 
for the NIR absorption lines that anneal in. Cathodo-luminescence experiments might 
be able to determine if the defect responsible for the 7354 cm-1 system is in the 
negative charge state, since it is observable with photoluminescence using 1064 nm 
excitation. 
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